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1 .  Introduction 


1.1  General  Motivation 

With  the  increasing  prominence  of  hypersonic  vehicles  in  our  national  agenda,  interest 
in  the  field  of  high  Mach  number  aerodynamics  has  recently  been  rekindled.  Fundamental  to 
progress  in  high-speed  aerodynamics  is  our  understanding  of  shock  wave/turbulent  boundary 
layer  interactions.  Shock  wave/turbulent  boundary  layer  interactions  are  responsible  for 
generating  excessive  heating  rates  and  fluctuating  surface  pressures  which  in  turn  are  critical  to 
ihe  prediction  of  aeroacoustic  loads  and  structural  fatigue.  In  order  to  optimize  aerodynamic 
design  of  high-speed  aircraft,  especially  with  regard  to  inlets  and  control  surfaces/body 
junctions,  an  understanding  of  the  dynamics  of  the  shock  wave/turbulent  boundary  layer 
interaction  is  essential. 

Significant  progress  has  been  made  toward  understanding  the  time  averaged  aspects  of 
shock  wave/turbulent  boundary  layer  interactions,  through  both  experimental  and  computational 
means.  Computational  fluid  dynamics  has  contributed  considerably  to  our  understanding  of  time 
averaged  flow  structure,  but  there  are  still  aspects  of  the  flow  that  computational  methods  do  not 
predict  well  (i.e.,  fluctuating  loads,  heat  transfer). 

Thus,  unsteady  measurements  in  shock  wave/tuibulent  boundary  layer  interactions  axe 
needed  in  order  to  improve  our  physical  understanding.  Documenting  the  dynamics  of  the 
interaction  can  aid  investigators  not  only  in  interpreting  mean  measurements  and  in  developing 
more  meaningful  models  of  the  time  averaged  flowfield,  but  also  in  providing  the  empirical  data 
for  urgently  needed  correlation  methods  for  fluctuating  loads. 

1.2  Interaction  Classification 

Interactions  are  classified  using  dimensional  analysis  according  to  the  effect  of  the  shock 
generator  on  the  flowfield.  Interactions  in  which  the  shock  generators  impose  no  length  scale 
on  the  interaction  are  called  dimensionless,  while  interactions  whose  dimensions  scale  with  the 
shock  generator  dimensions  are  referred  to  as  dimensional  interactions.  If  the  dimensions  of  the 
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shock  generator  are  sufficiently  large  that  a  further  increase  in  the  dimensions  does  not  affect 
the  interaction,  the  generator  is  described  as  being  semi-infinite.  Finally,  interactions  for  which 
the  shock  generator  is  not  semi-infinite  are  called  protuberance  or  non-semi-irfinite  interactions. 
The  different  types  of  interaction  classifications  are  shown  in  Figure  1.  As  seen  in  Figure  1, 
the  interaction  generated  by  a  sharp,  unswept  fin  is  semi-infmite  and  dimensionless. 

1.3  Sharp  Fin-Induced  Interactions 

One  of  the  most  commonly  studied  swept  shock  wave/turbulent  boundary  layer 
interactions  is  that  caused  by  a  sharp  fin  at  angle  of  attack,  a,  mounted  perpendicular  to  a  flat 
plate.  This  interaction,  called  the  sharp  fin  or  glancing  shock  interaction,  is  perhaps  the  simplest 
of  the  interactions,  at  least  geometrically.  Such  interactions  are  typical  of  those  found  in 
box-type  engine  inlets  and  at  fln/body  junctions.  Although  much  has  been  learned  about  the 
general  time  averaged  flowfield  of  the  sharp  fin  interaction,  many  questions  remain  regarding 
the  unsteadiness  of  the  separation  process  and  global  flowfield. 

The  dominant  inviscid  feature  of  the  sharp  fin-induced  interaction  is  the  planar  shock 
wave  attached  to  the  leading  edge.  The  property  changes  across  the  inviscid  shock  are 
immediately  known  from  inviscid  shock  theory  given  the  Mach  number  and  angle  of  attack.  A 
standard  measure  of  the  interaction  strength  is  the  normal  Mach  number,  defined  as  the  upstream 
Mach  number  normal  to  the  inviscid  shock.  Due  to  the  conical  nature  of  the  external  inviscid 
flow  and  the  dominance  of  the  inviscid  flow  on  the  interaction,  far  from  the  fin  leading  edge  the 
interaction  wave  structure  and  surface  features  approach  quasi-conical  symmetry. 
Quasi-conically  symmetric  flowfields  exhibit  a  conical  behavior  in  the  interaction  farfield.  As 
a  result,  the  most  appropriate  coordinate  system  for  studying  the  interaction  is  that  of  a 
spherical/polar  coordinate  system  with  the  origin  located  near  the  fin  leading  edge  (Figure  2). 
Angles  are  defined  as  the  angle  between  the  feature  of  interest  and  the  freestream  direction. 

Figure  3  shows  the  pertinent  interaction  surface  features  and  their  corresponding 
nomenclature.  As  seen  in  Figure  3,  the  inviscid  shock  bifurcates  into  a  frontal,  separation  shock 
and  a  rear  shock.  Bifurcation  is  observed  in  all  but  the  weakest  interactions.  In  the  region  of 
the  separation  shock  foot  the  flow  is  first  disturbed  from  its  incoming  conditions.  The  upstream 


2 


ir^uence  line  is  the  line  along  which  the  incoming  flow  is  first  disturbed.  On  surface  flow 
visualization  patterns  the  upstream  influence  line  is  the  line  along  which  the  incoming 
streamlines  initially  deviate  from  the  freestream  direction.  This  initial  deflection  of  the  surface 
streamlines  correlates  well  with  the  initial  increase  in  mean  pressure.  In  the  conical  coordinate 
system  used  to  describe  the  interaction,  the  angle  of  the  upstream  influence  line  is  givra  by 
either  0^ot 

The  surface  features  and  paths  of  surface  streamlines  in  the  sharp  fin  interaction  are 
shown  in  Figure  4.  The  separation  line,  downstream  of  the  upstream  influence  line,  is  defined 
as  the  line  along  which  the  boundary  layer  separates  due  to  the  adverse  pressure  gradient  behind 
the  separation  shock.  In  surface  flow  visualization  results  the  separation  line  appears  as  a 
coalescence  of  streaklines.  For  extremely  weak  interactions  the  boundary  layer  does  not 
separate,  but  for  the  majority  of  interactions  it  does.  The  angle  of  the  separation  line  is  defined 
as  /3.1  or  just  /3,.  Beneath  the  separated  boundary  layer  the  flow  forms  a  spiraling,  helical 
vortex.  The  vortex  is  sketched  in  Figure  5  which  shows  two  stream  surfaces  in  the  sharp  fin 
interaction.  These  stream  surfaces  were  determined  for  a  Mach  3,  20  degree  fin  interactimi 
computed  by  Narayanswami  and  Knight.'  As  seen  from  surface  2  in  Figure  5,  the  flow  near  the 
floor  rolls  over  into  the  spiraling  vortex  .  The  flow  higher  in  the  boundary  layer,  surface  1, 
turns  toward  the  floor  after  passing  through  the  shock  system  and  attaches  behind  the  helical 
vortex  along  the  line  of  attachment,  /S^i.  A  rarely  seen  flow  feature  noted  on  Figures  3  and  4 
is  the  line  of  secondary  separation,  /3,2.  Secondary  separation  appears  to  be  the  separation  of 
the  reverse  flow  in  the  vortex,  although  at  this  time  very  little  is  known  of  the  phenomenon. 

Since  the  interaction  has  significant  viscous  effects  near  the  leading  edge  of  the  fin,  a 
certain  distance  is  required  before  the  interaction  assumes  the  conical  nature  of  the  external, 
inviscid  flow.  This  distance  is  called  the  inception  length,  Li,  and  is  a  result  of  the  dimension 
introduced  into  the  flowfield  by  the  incoming  boundary  layer  thickness,  d.  Due  to  the  viscous 
effects  which  cause  the  inception  length,  the  conical  origin  of  the  surface  features  in  die 
interaction  farfield  is  not  coincident  with  the  leading  edge.  The  surface  flow  features  in  the 
quasi-conical  region  appear  to  emanate  from  a  virtual  conical  origin  just  upstream  of  the  fin 
leading  edge  along  the  inviscid  shock  trace.  The  inception  length  and  virtual  conical  origin  of 
the  surface  flow  features  are  shown  in  Figure  4. 
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To  the  knowledge  of  the  author,  only  two  studies  have  been  made  of  the  unsteadiness  of 
sharp  fin  interactions.  Tran,^  Tran,  Tan,  and  Bogdonoff,’  and  Tan,  Tran,  and  Bogdonoff,*  at 
Princeton  conducted  a  series  of  sharp  fin  experiments  at  Mach  3  and  noted  that  the  wall  pressure 
signal  near  separation  was  characterized  by  large  amplitude  fluctuations,  indicative  of  a 
translating  separation  shock  wave.  In  contrast,  Gibson^  and  Gibson  and  Dolling^  at  the 
University  of  Texas  at  Austin  conducted  experiments  at  Mach  5  which  yielded  wall  pressure 
signals  more  indicative  of  a  quasi-steady  "shuddering”  compression  system  as  opposed  to  a 
translating  separation  shock  wave.  The  apparent  contradiction  of  the  results  of  these  two  studies 
was  in  part  the  impetus  for  the  current  study. 

1.4  Objectives 

The  current  study  is  an  attempt  to  resolve  some  of  the  questions  that  arose  from  the 
previous  experiments  of  Tran  and  Gibson.  The  primary  objectives  of  the  current  study  are  to 
answer  the  following  questions. 

1.  Is  the  separation  shock  motion  at  Mach  5  characterized  by  a  translating, 
intermittent  type  motion  or  a  quasi-steady,  shuddering  type  motion? 

2.  Is  there  a  range  of  interaction  sweep  angles  over  which  the  shock  motion  exhibits 
a  transition  from  intermittent  to  quasi-steady  motion? 

3.  If  it  does  undergo  a  change,  over  what  range  of  flow  sweepbacks  does  the  change 
occur,  and  why?  Can  Tran  and  Gibson’s  work  be  understood  within  this 
framework? 

4.  Do  the  higher  order  moments  of  the  fluctuating  wall  pressures,  particularly  the 
standard  deviation,  exhibit  the  same  quasi-conical  symmetry  observed  in  the  mean 
pressure  distributions? 

These  questions  are  answered  in  Chapter  4  of  this  report. 
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2.  Literature  Review 


The  increased  national  emphasis  on  hypersonic  flight  over  the  last  few  years  has  made 
the  study  of  shock  waveA)oundary  layer  interactions  an  important  area  of  research.  The  majoriQr 
of  work  has  been  with  turbulent  interactions  since  most  practical  applications  involve  turbulent 
boundary  layers.  The  inherent  unsteadiness  and  complexity  of  turbulent  interactions  make  an 
analytical  solution  improbable,  while  the  current  state-of-the-art  computational  schemes  can  only 
model  the  interaction  in  a  mean  sense.  Thus,  because  of  the  need  for  experimental  data  to 
evaluate  computational  predictions  and  the  need  for  quantitative  data  on  the  unsteady  aq)ects  o( 
the  interaction,  there  is  a  need  for  experimental  studies. 

Since  the  technological  capability  to  examine  interaction  unsteadiness  relatively  easily  has 
only  recently  become  available,  a  laige  part  of  the  existing  literature  deals  with  the  mean 
characteristics  of  the  interaction.  However,  in  the  last  few  years,  with  the  availability  of  high 
frequency  pressure  transducers  and  high  speed  data  acquisition  systems  with  large  memories, 
several  studies  of  the  unsteadiness  of  turbulent  interactions  have  been  made. 

Although  this  report  is  primarily  concerned  with  the  unsteadiness  of  the  compression 
system  near  separation  in  the  swq>t  interaction  gmerated  by  a  sharp  fin,  the  mean  characteristics 
of  the  flowfleld  will  be  discussed  briefly  to  familiarize  the  reader  with  the  basic  concqpts  and 
terminology  used  in  the  field.  For  more  detailed,  recent  reviews  of  the  mean  flowfleld  and 
surface  properties  of  the  sharp  fin  interaction,  the  reader  is  referred  to  References  7  and  8. 


2.1  Mean  Characteristics  of  the  Sharp  Fin  Induced  Interaction 

Before  the  unsteadiness  of  shock  wave/turbulent  boundary  layer  interactions  may  be 
understood,  an  understanding  of  the  mean  characteristics  of  the  interaction  is  required.  Because 
almost  all  of  the  studies  of  the  sharp  fin  interaction  have  been  of  the  interaction  mean  propoties, 
the  current  state-of-the-art  flowfleld  models  only  describe  the  time-averaged  flowfleld.  The 
following  section  will  introduce  and  discuss  the  major  features  of  the  sharp  fln-induced 
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intoaction. 


2.1.1  Quasi-conical  Symmetry 

From  Figures  2-4  it  may  be  seen  that  as  the  distance  from  the  fin  leading  edge  increases,  the 
distance  from  the  inviscid  shock  trace  to  the  upstream  influence  line  also  increases.  This  is  due 
to  tite  conical  nature  of  the  dominant  external,  inviscid  flow.  However,  it  has  been  shown  by 
Inga*,  in  an  order  of  magnitude  analysis  of  the  governing  equations,  that  near  the  fin  leading 
edge  the  flowfield  must  have  a  physical  scale  which  correlates  with  the  dimension  introduced 
by  the  incoming  boundary  layer  thickness.  The  region  in  which  this  scaling  occurs  is  called  the 
inception  region.  Inger’s  calculations  show  that  as  the  distance  from  the  fin  leading  edge  is 
increased  the  interaction  approaches  the  conical  behavior  of  the  external  flow.  Because  of  this 
iqjproach  to  conical  symmetry  far  from  the  fin  leading  edge,  the  flowfield  is  commonly  referred 
to  as  being  guasi-conicalfy  symmetric. 


2.1.1.1  The  Inception  Region 

As  discussed  in  the  previous  section,  the  interaction  is  not  conically  symmetric  near  the 
leading  edge  of  the  fin.  An  initial  distance  is  required  before  the  external,  inviscid  flowfield 
dominates  the  interaction.  As  noted  above,  this  distance  is  called  the  inception  length,  Li,  and 
is  shown  in  Figure  4. 

Lu  and  Settles'*’  have  investigated  how  the  inception  length  varies  for  fin  angles  between 
4  and  22  degrees  and  Mach  numbers  between  2.5  and  4.  They  determined  the  inception  length 
from  surface  flow  visualization  by  fitting  an  asymptote  to  the  upstream  influence  line  far  from 
the  fin  leading  edge.  The  end  of  the  inception  region  and/or  beginning  of  the  quasi-conical 
r^on  of  the  interaction  was  determined  as  the  point  at  which  the  upstream  influence  line 
deviated  from  the  farfield  asymptote.  Their  results  indicate  that  the  inception  length  scales  with 
the  inviscid  shock  angle  in  the  following  way: 
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Li/5o  =  -43  +  1680 //3o,  20“<  j8o  <  35“ 

»  3,  /So  >  35“. 

As  the  strength  of  the  interaction  increases  the  mention  Iragth  decreases  until  a  minimum  value 
is  reached.  Lu  and  Settles  attribute  this  to  the  fact  that  as  shock  strength  increases  the  invisdd 
parameters  become  increasingly  dominant  over  the  viscous  parameters  until  some  minimum 
value  for  the  inception  Imgth  is  achieved. 


2.1.1.2  The  Virtual  Conical  Origin 

As  shown  in  Figures  3  and  4  the  apparent  origin  of  the  surface  flow  features  in  the 
quasi-conical  region  is  not  coincident  with  the  leading  edge  of  the  fin.  If  the  inception  length 
were  not  present  the  entire  flowfield  would  be  conical  and  the  conical  origin  would  be  at  the  fin 
leading  edge,  as  it  is  in  the  external,  inviscid  flow.  However,  because  a  finite  distance  is 
required  to  establish  the  conical  nature  of  the  interaction,  the  origin  of  the  quasi-conical  flow  is 
at  a  point  along  the  trace  of  the  inviscid  shock  upstream  of  the  fin  leading  edge  called  the  Virtual 
Conical  Origin  (VCO).  The  VCO  must  be  on  the  trace  of  the  inviscid  shock  because  the 
inviscid  flow  dominates  the  interaction  and  the  inviscid  shock  wave  is  the  primary  feature  of  the 
external  flow. 

It  should  be  noted  that  the  VCO  is  not  a  physical  phenomenon  but  rather  a  convenient 
tool  developed  to  help  understand  the  flow  in  a  simple  reference  frame.  Due  to  the  variation 
of  inception  length  with  inviscid  shock  angle/shock  strength  and  the  dependence  of  VCO  location 
on  the  inception  region,  the  distance  between  the  VCO  and  the  fin  leading  edge  increases  as  die 
shock  strength  decreases. 

As  may  be  seen  in  Figure  4  and  as  is  discussed  by  Alvi  and  Settles",  the  fin  surface  itself 
cannot  lie  on  a  ray  from  the  VCO.  This  is  a  consequence  of  the  viscous  dominated  incqHion 
region  which  prevents  the  VCO  from  being  coincident  with  the  fin  leading  edge  and  the  fact  diat 
near  the  surface  of  the  fin  the  local  flow  is  dominated  by  the  presence  of  the  fin  itself. 
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2. 1.1. 3  Conical  Scaling  and  Correlations  of  Surface  Flow  Features 

For  a  conically  symmetric  flowfleld  properties  are  constant  along  a  ray  from  the  origin. 
As  a  result,  the  flow  in  the  conical  region  can  be  treated  as  a  two-dimensional  problem. 
Consequently,  analysis  becomes  considerably  easier.  One  useful,  practical  implication  of  conical 
symmetry  is  that,  once  the  characteristics  of  the  interaction  across  a  plane  normal  to  a  ray  have 
been  determined,  the  characteristics  at  any  other  parallel  plane  in  the  conical  region  may  be 
determined.  This  is  done  by  scaling  the  coordinates  normal  to  the  ray  in  the  cross  section  with 
the  known  quantities  to  fit  the  coordinates  normal  to  the  ray  in  the  cross  section  with  unknown 
quantities.  In  other  words,  since  flow  properties  are  constant  along  a  ray  from  the  origin,  any 
two  parallel  cross  sections  of  the  interaction  will  appear  identical  when  expressed  in  conical 
coordinates.  Figure  6  shows  two  Planar  Laser  Scattering  (PLS)  images  in  conical  coordinates 
taken  by  Alvi  and  Settles"  at  different  radial  distances  from  the  conical  origin  in  a  Mach  4  a 
=  20  deg.  interaction.  The  Mach  5,  a  =  16  deg.  mean  pressure  data  of  Rodi,  Dolling,  and 
Knight*^,  also  at  two  different  distances  from  the  origin,  are  shown  in  Figure  7.  From  these 
examples  it  can  be  seen  that  properties  of  the  interaction  at  varying  distances  from  the  leading 
edge  collapse  in  the  conical  region. 

Using  the  fact  that  in  the  conical  region  the  cross  plane  view  of  the  interaction  is  solely 
a  function  of  the  angular  coordinates,  Lu,  Settles,  and  Horstman*’  were  able  to  show  that  the 
reduced  upstream  influence  angle  scaled  with  the  reduced  shock  angle  for  Mach  numbers 
between  2.5  and  4  and  reduced  shock  angles  between  0  and  20  degrees.  The  reduced  angle  is 
the  actual  value  of  the  angle  minus  the  Mach  angle  at  the  given  freestream  Mach  number  (e.g., 
-  M-).  The  empirical  correlation  is  given  by; 

=  2.2A0O  -  0.027A/3o' 

The  validity  of  the  correlation  outside  the  Mach  number  range  2.5-4  is  not  clear.  Gibson*  found 
that  the  correlation  seems  to  underpredict  the  upstream  influence  line  by  5-8  degrees  for  Mach 
5  fin  interactions  at  fin  angles  of  16,  18,  and  20  degrees. 

A  similar  correlation  was  developed  using  surface  oil  flow  patterns  by  Zheltovodov, 
Maksimov,  and  Shilein"  for  approximately  the  same  Mach  number  and  shock  angle  ranges  as 
Lu,  Settles,  and  Horstmann.  Their  correlation  for  upstream  influence  angle  is  given  below: 
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=  1.53  (00-fio*) 


In  the  above  equation  starred  quantities  refer  to  the  values  at  incipient  separation.  Using  a 
roughened  surface  beneath  the  interaction  to  trip  the  boundary  layer,  Zheltovodov,  et  al., 
developed  correlations  for  the  angle  of  the  separation  line,  j3„  for  both  laminar  and  turbulent 
reverse  flow  in  the  interaction.  For  turbulent  reverse  flow  the  correlation  is: 


jS.  -0*  =  2.15  03o-^o*)  -  0.0144  (fio-fio*? 


In  the  case  of  laminar  reverse  flow  the  following  correlation  is  applicable: 


-/3.*  =  1.94  (fio-00*)  -  0.0154 


The  values  of  0^*  ^<1  0m*  lor  the  above  correlations  are  found  from  the  empirical  formulas: 
0,*  =  00*  0ui*  =  1.22  00*  +  3.4 

Table  1  below  compares  the  predicted  surface  flow  feature  angles  from  both  sets  of  correlations 
for  a  Mach  5  interaction. 
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Table  1.  Predicted  Surface  Flow  Feature  Angles 


a  (deg) 

Lu,  et  al.'* 
fiui  (deg) 

Zheltovodov’^ 
/3„i  (deg) 

Zheltovodov'^ 
j3,  laminar  (deg) 

Zheltovodov'^ 

/3,  turb.  (deg) 

16 

36.9 

38.1 

34.2 

36.8 

18 

39.94 

41.5 

37.6 

40.7 

20 

42.81 

44.8 

41.0 

44.5 

22 

45.49 

48.3 

44.3 

48.4 

24 

47.96 

52.0 

47.5 

52.2 

26 

50.19 

55.8 

50.7 

56.0 

28 

52.15 

59.8 

53.7 

59.8 

As  seen  in  Table  1 ,  for  fin  angles  below  24  degrees,  both  correlations  agree  to  within  about  3 
d^rees.  For  fin  angles  above  24  degrees  the  difference  between  the  predicted  values  of  the 
otmelations  starts  to  increase.  Since  both  correlations  were  developed  using  data  for  Mach 
numbers  between  2  and  4,  the  breakdown  in  agreement  between  the  correlations  in  the  relatively 
strong  Mach  5  interactions  is  not  surprising. 


2.1.2  Mean  Pressure  Distribution  and  the  Structure  of  the  Interaction 

The  mean  wall  pressure  distributions  in  a  sharp  fin  generated  interaction  at  Mach  S  are 
shown  in  Figure  7.  The  distributions  were  measured  along  two  rows  normal  to  the  freestream. 
The  distribution  shows  the  typical  shape  in  such  an  interaction:  an  initial  rise  at  the  upstream 
boundary  of  the  interaction,  a  plateau  in  the  separated  region,  and  sharp  final  rise  near  the  face 
of  the  shock  generator. 

The  physics  behind  the  shape  of  the  mean  pressure  distribution  become  clear  when  the 
cross  plane  model  of  the  interaction  is  examined.  By  taking  advantage  of  the  quasi-conical 
symmetry  of  the  farfield  interaction  Alvi  and  Settles"  ’*  were  able  to  use  both  conical 


shadowgraphy  and  conical  Planar  Laser  Scattering  (PLS)  to  develop  a  physical  model  of  the 
cross  plane  structure  of  the  interaction.  The  cross  plane  was  taken  normal  to  the  inviscid  shock. 
Some  of  the  major  features  of  the  Alvi  and  Settles  flowfield  model  are  listed  below.  These  flow 
features  were  observed  for  angles  of  attack  between  7  and  25  degrees  and  at  Mach  numbers 
between  2.5  and  4.  The  corresponding  normal  Mach  numbers  ranged  between  1.22  and  2.45. 
Figure  8  shows  a  shadowgraph,  PLS  image,  and  flowfield  map  for  the  Mach  4,  20  degree  angle 
of  attack  interaction.  All  comments  below  refer  to  the  interaction  cross  section  taken  normal 
to  the  inviscid  shock. 

1 .  For  a  normal  Mach  number  of  1 .22  no  bifurcation  is  apparent  in  the  shock  wave. 
As  the  normal  Mach  number  is  increased  the  shock  wave  appears  to  bifurcate 
with  the  front  of  the  lambda  foot  moving  forward  to  form  the  separation  shock 
wave. 

2.  Large  scale  separation  seems  to  occur  underneath  the  foot  of  the  separation  shock 
for  normal  Mach  numbers  above  1.22.  A  free  shear  layer  appears  to  lift  off  the 
surface  and,  after  being  turned  back  toward  the  surface  by  the  rear  foot  of  die 
shock,  impinges  on  the  floor  of  the  tunnel  as  a  jet. 

3.  Impingement  of  the  jet  may  be  the  cause  of  the  peak  pressure  and  heating  rates 
near  the  base  of  the  fin. 

4.  The  separated  shear  layer  forms  the  boundaries  of  a  flattened  vortex  under  the 
legs  of  the  bifurcated  shock  wave. 

5.  A  slipline  forms  at  the  triple  point  of  the  bifurcated  shock  and  curves  down  into 
the  junction  of  the  fin  and  tunnel  floor. 

6.  As  the  strength  of  the  interaction  increases  the  jet  cross  flow  velocity  may 
increase  from  subsonic  to  supersonic.  Evidence  for  this  is  the  appearance  of 
"shocklets"  in  the  jet  which  increase  in  strength  to  become  a  normal  shock  once 
the  interaction  strength  is  increased  sufficiently. 

7.  For  their  strongest  interaction,  with  a  normal  Mach  number  of  2.45,  Alvi  and 
Settles  observed  the  appearance  of  a  "shocklet,"  indicative  of  local  supersonic 
cross  flow,  in  the  reversed  flow  of  the  vortex  along  the  tunnel  floor. 
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8. 


Conical  shadowgrams  reveal  the  appearance  of  a  "bulge"  in  the  reversed  flow  of 
the  separation  bubble  at  moderate  interaction  strengths.  Although  there  is  no 
conclusive  evidence,  this  may  be  indicative  of  secondary  separation,  a  seldom 
seen  phenomenon  which  appears  at  moderate  interaction  strengths  and  then 
disappears  again  as  the  interaction  strength  is  increased. 

Alvi  and  Settles  observed  that  as  the  interaction  strength  is  increased  the  separation  shock 
extends  further  out  in  the  interaction  relative  to  the  inviscid  shock,  while  the  impinging  jet  is 
compressed  back  in  the  narrowing  region  between  the  inviscid  shock  and  the  fin  surface.  This 
shift  of  the  jet  and  inviscid  shock  position  back  in  the  interaction  as  the  interaction  strength  is 
increased  accounts  for  the  more  gradual  initial  pressure  rises  and  steeper  final  pressure  rises 
measured  for  relatively  strong  interactions  when  compared  to  the  pressure  distributions  measured 
for  weaker  interactions. 


2.2  General  Comments  on  Interaction  Unsteadiness 

There  have  been  very  few  studies  of  the  unsteadiness  of  three-dimensional  shock 
wave/turbulent  boundary  layer  interactions.  The  majority  of  investigations  have  been  made  with 
two-dimensional  interactions  such  as  unswept  compression  ramps  and  forward  facing  steps  and 
on  the  centerline  of  blunt  fins  and  circular  cylinders.  In  the  following  section  the  results  of 
some  of  the  studies  of  two-dimensional  interactions  will  be  discussed  in  order  to  introduce  the 
reader  to  the  concepts  and  terminology  of  this  field. 

With  the  advent  of  high  frequency  miniature  pressure  transducers  and  very  high-speed 
data  acquisition  systems  with  large  memories,  it  has  become  possible  to  examine  fluctuating  wall 
and  pitot  pressures  in  great  detail.  From  the  fluctuating  wall  pressure  the  behavior  of  the 
unsteady  wave  structure  above  the  wall  may  be  determined.  This  approach  is  particularly  useful 
for  examining  the  motion  of  the  separation  shock  wave  and/or  compression  system.  A  typical 
fluctuating  wall  pressure  signal  measured  between  the  upstream  influence  and  separation  lines 
in  a  Mach  5  interaction  generated  by  a  28  degree  unswept  compression  ramp  is  shown  in  Figure 
9a.  From  the  figure  it  may  be  seen  that  the  instantaneous  pressure  fluctuates  between  the  range 
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of  values  associated  with  the  undisturbed  boundary  layer  and  a  higher  value  associated  with  the 
flow  behind  the  moving  separation  shock  wave.  Essentially,  the  high  frequency,  low  amplitude 
fluctuations  associated  with  turbulence  now  have  a  set  of  high  amplitude,  low  frequency  pressure 
"pulses"  superimposed  on  them.  This  "intermittent"  wall  pressure  signal  is  indicative  of  the 
translating  separation  shock  and  is  observed  at  all  locations  between  the  upstream  influence  and 
separation  lines,  in  what  is  called  the  intermittent  region. 

Thus,  the  separation  shock  is  not  fixed  in  space  but  changes  position,  apparmtly 
randomly,  over  a  region  with  a  downstream  boundary  at  the  separation  line  and  an  upstream 
boundary  near  the  upstream  influence  line.  A  useful  parameter  for  describing  the  unsteadiness 
and  describing  the  length  scale  of  the  shock  motion  is  the  intermittency,  y.  The  intermittency 
is  deHned  as  the  percentage  of  time  the  separation  shock  wave  is  upstream  of  the  transducer. 
That  is,  the  percentage  of  time  the  transducer  reads  the  relatively  high  pressure  downstream  of 
the  separation  shock  as  opposed  to  the  relatively  low  pressure  values  associated  with  the 
undisturbed  boundary  layer.  In  contrast  to  the  signals  in  the  intermittent  region,  the  fluctuating 
wall  pressure  histories  in  the  undisturbed  boundary  layer  and  the  separated  region  are  essentially 
normally  distributed.  A  typical  wall  pressure  time-history  and  its  corresponding  amplitude 
probability  density  distribution  in  the  separated  region  is  shown  in  Figure  9b. 


2.2.1  Interpretation  of  Surface  Flow  Features 

Since  it  has  been  shown  that  the  separation  shock  wave  is  unsteady,  the  question  naturally 
arises  as  to  what  the  surface  flow  features,  such  as  the  separation  line,  determined  from  the 
surface  flow  visualization  actually  signify.  Because  the  kerosene-lampblack  method  has 
essentially  zero  frequency  response,  the  surface  flow  visualization  must  be  treated  with  caution. 
The  following  is  a  discussion  of  the  meaning  of  the  surface  features  determined  from  flow 
visualization  for  two-dimensional  interactions. 

By  examining  cross  correlations  between  two  wall  pressure  signals  measured  directly 
downstream  of  the  translating  separation  shock  in  a  Mach  5,  cylinder  induced  interaction, 
Gramann  and  Dolling'^  concluded  that  the  flow  immediately  behind  the  separation  shock  was 
separated.  This  conclusion  was  based  on  the  presence  of  local  peaks  at  negative  time  delay  in 
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the  cross  correlation  which  indicated  reversed  flow.  Thus,  Gramann  and  Dolling  deduced  that 
the  separation  line  determined  from  surface  flow  visualization  is  actually  the  furthest  downstream 
positicMi  of  instantaneous  separation. 

The  time  average  interpretation  of  the  upstream  influence  line  from  surface  flow 
visualization  is  not  quite  as  clear  as  that  of  the  separation  line  and  really  hinges  on  what  is  meant 
by  upstream  influence.  The  upstream  influence  line  determined  by  surface  flow  visualization 
correlates  with  the  initial  rise  in  mean  wall  pressure,  and  hence,  the  initial  mean  pressure  rise 
is  the  conventional  definition  of  upstream  influence.  However,  as  discussed  by  Dolling'^,  other 
statistical  properties  of  the  pressure  signal,  such  as  the  standard  deviation  and  higher  order 
moments,  first  deviate  from  the  normally  distributed  incoming  boundary  layer  values  upstream 
of  the  upstream  influence  line.  The  deviation  of  the  higher  order  moments,  which  are  more 
sensitive  to  a  few  shock  passages  than  the  mean  pressure,  shows  that  the  shock  wave  may 
occasionally  travel  upstream  of  the  upstream  influence  line,  even  if  relatively  infrequently. 
Therefore,  the  name  upstream  influence  line  may  be  a  misnomer.  The  mean  pressure  of  the 
interaction  first  deviates  from  the  boundary  layer  value  at  the  upstream  influence  line,  but  the 
higher  order  moments  have  already  been  influenced  by  the  shock  motion. 

I 

I 

2.2^.  Statistical  Description  of  Wall  Pressure  Signals  throughout  the  Interaction 

The  distributions  of  the  standard  deviation  (rms)  along  the  centerline  for  the  interactions 
generated  by  an  unswept  compression  ramp  and  a  circular  cylinder  are  shown  in  Figures  10  and 
13,  respectively.  The  spatial  coordinate  is  normalized  by  the  undisturbed  boundary  layer 

I 

thickness  for  the  unswept  compression  ramp  data  and  the  diameter  of  the  cylinder  for  the 
cylinder  data.  The  rms  increases  from  the  undisturbed  value  at  the  upstream  influence  line  then 
sharply  rises  through  the  intermittent  region  until  a  peak  is  reached  just  upstream  of  separation. 
This  rise  and  peak  is  generated  by  the  intermittent,  translating  separation  shock  wave.  Then  the 
rms  decreases  slightly  until  just  downstream  of  separation,  beyond  which  the  rms  seems  to 
increase  at  an  approximately  constant  rate.  The  local  mean  wall  pressure  normalized  by  the 
fiteestream  static  pressure  and  the  rms  normalized  by  the  local  mean  wall  pressure  for  two 
unswept  compression  ramp  interactions  are  shown  in  Figure  11.  The  Mach  5,  28  deg.  ramp 
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data  are  that  of  Gramann  and  Dolling'*  while  the  Mach  3,  24  deg.  ramp  data  are  from  Dolling 
and  Murphy.  The  normalized  rms  increases  at  the  upstream  influence  line  and  peaks  in  the 
intermittent  region  similarly  to  the  unnormalized  distribution.  However,  because  of  the 
increasing  mean  pressure  in  the  interaction,  the  normalized  value  of  rms  decreases  downstream 
of  the  intermittent  region  until  a  value  close  to  the  undisturbed  boundary  layer  level  is  reached. 

The  amplitude  probability  density  distributions  of  wall  pressure  signals  in  the  undisturbed 
boundary  layer,  intermittent  region,  and  separated  region  are  shown  in  Figure  12  for  the  28 
degree  compression  ramp  discussed  earlier.  In  the  undisturbed  boundan'  layer  and  separated 
region,  the  PDDs  are  essentially  normally  distributed  with  the  mean  in  the  separated  regimi 
larger  than  that  of  the  undisturbed  boundary  layer,  as  should  be  expected.  In  contrast,  in  the 
intermittent  region,  the  PDDs  are  either  bimodal  or  highly  skewed.  The  bimodal  nature  arises 
from  the  two  distinct  pressure  levels  in  the  intermittent  signal. 

The  rms  distribution  and  Power  Spectral  Densities  (PSDs)  for  wall  pressure  signals 
measured  through  the  interaction  on  the  centerline  upstream  of  a  cylinder  at  Mach  S  are  shown 
in  Figure  13.  For  the  undisturbed  boundary  layer,  curve  1,  the  majority  of  the  energy  in  the 
signal  is  at  the  higher  frequencies  associated  with  turbulence.  Curves  2-4  indicate  that  in  the 
intermittent  region  the  major  contribution  to  the  signal  variance  shifts  from  higher  frequencies 
to  frequencies  on  the  order  of  1  kHz.  Finally,  as  seen  from  curves  5-7,  in  the  separated  region 
the  major  contribution  to  the  variance  again  shifts  up  to  higher  values.  The  shift  in  dominant 
frequencies  to  lower  values  in  the  intermittent  region  is  due  to  the  relatively  low  frequency 
motion  of  the  separation  shock  wave  in  the  intermittent  region. 

The  intermittency  distribution  for  the  Mach  5,  28  degree,  unswept  compression  ramp 
interaction  (Reference  19)  is  shown  in  Figure  14.  The  intermittency  curve  strongly  resembles 
the  cumulative  density  distribution  (CDD)  for  a  Gaussian  signal.  The  zero-crossing  frequency, 
ft,  is  defined  as: 
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where  Ti  is  the  shock  period  for  the  ith  shock  crossing  and  N  is  the  number  of  shock  crossings. 
The  shock  period  is  defined  as  the  time  between  pressure  rises  generated  by  the  shock  passing 
over  the  transducer  while  moving  upstream.  Figure  IS  illustrates  the  concept  and  defines  the 
shock  period,  Ti.  The  zero-crossing  frequency  distribution  for  the  unswept  compression  ramp 
interaction  is  shown  in  Figure  16.  The  maximum  zero-crossing  frequency  occurs  at 
intermittencies  around  SO  percent.  This  is  intuitively  logical  since  the  pressure  should  fluctuate 
between  the  boundary  layer  value  and  the  value  behind  the  translating  shock  most  rapidly  at  the 
point  of  SO  percent  intermittency. 

2.3  Investigations  of  Unsteadiness  in  Sharp  Fin  Induced  Interactions 

To  the  knowledge  of  the  author,  only  two  studies  have  been  made  of  the  unsteadiness  of 
the  interaction  induced  by  a  sharp  fin.  The  first  was  made  by  Tran^,  Tran,  Tan,  and  Bogdonoff 
and  Tan,  Tran,  and  Bogdonoff*  in  the  Princeton  Mach  3  facility  with  a  boundary  layer  thickness 
of  17  mm.  Tran,  et  al.  observed  intermittent  characteristics  similar  to  those  observed  in  the  2-D 
interactions  discussed  earlier;  skewed  probability  density  distributions  (PDDs),  a  peak  in  the 
rms  distribution  near  the  upstream  influence  line  and  the  appearance  of  "pulses"  in  the 
fluctuating  wall  pressure  signal.  The  second  study  of  interaction  unsteadiness  generated  by  a 
sharp  fin  was  made  by  Gibson^  and  Gibson  and  Dolling^  in  the  Mach  5  blowdown  facility  at  the 
University  of  Texas  at  Austin.  Gibson’s  experiment  was  made  on  a  flat  plate  mounted  on  the 
centerline  of  the  test  section  with  a  boundary  layer  about  6  mm  thick.  Gibson  did  not  find  any 
evidence  of  intermittent  pressure  signals.  His  rms  distributions  did  not  show  a  clear  peak  near 
sqnration  and  the  PDDs  in  the  intermittent  region  were  approximately  Gaussian.  The  apparent 
contradiction  in  the  results  of  the  two  studies  partly  led  to  the  current  study.  In  order  to 
understand  the  objectives  of  the  latter  better,  the  following  sections  will  attempt  to  critically 
review  the  work  of  Tran,  et  al.  and  Gibson  with  the  hope  of  shedding  some  light  on  why  these 
two  experiments  have  produced  different  results. 

Tran,  et  al.’s  mean  wall  pressure  distributions  normalized  by  the  undisturbed  boundary 
layer  value  along  a  line  parallel  to  the  freestream  are  shown  in  Figure  17.  The  Mach  3 
measurements  were  made  at  fin  angles  of  attack  of  10,  12,  16,  and  20  degrees.  As  shown  in 


Figure  14,  as  the  fin  angle  is  increased  the  initial  and  final  pressure  gradient  are  steeper  and 
occur  over  a  shorter  distance  and  the  plateau  pressure  increases.  However,  the  decrease  in 
spatial  extent  of  the  interaction  with  increasing  fin  angle  shown  in  Figure  14  is  misleading. 
Because  Tran’s  transducers  were  located  along  a  line  parallel  to  the  freestream  direction,  the 
orientation  of  the  transducers  with  respect  to  the  interaction  changed  with  angle  of  attack.  This 
change  in  orientation  affects  the  distance  from  the  inviscid  shock  to  the  flow  features.  In  fact, 
as  pointed  out  in  the  earlier  discussion  of  the  AIvi  and  Settles  flowfield  model,  the  spatial  extent 
of  the  interaction  increases  as  the  strength  of  the  interaction  is  increased. 

The  distribution  of  the  wall  pressure  standard  deviations  for  the  same  fin  angles  is  shown 
in  Figure  18.  The  rms  is  normalized  by  the  undisturbed  boundary  layer  value  in  Figure  18a  and 
the  local  mean  pressure  in  Figure  18b.  Both  distributions  seem  to  follow  the  trends  expected 
for  a  shock  wave/boundary  layer  interaction.  The  rms  peaks  for  angles  of  attack  above  12 
degrees  would  usually  be  interpreted  as  being  indicative  of  intermittent  shock  motion.  By 
inspection  it  may  be  seen  that,  in  general,  the  magnitude  of  the  pressure  fluctuations  increases 
as  the  fin  angle  is  increased.  The  increase  in  rms  for  the  distributions  normalized  by  the  local 
mean  pressure  indicate  that  the  increase  in  rms  levels  is  not  simply  a  result  of  the  increase  in 
mean  wall  pressure.  Also,  when  the  rms  is  normalized  by  the  local  mean  pressure  it  is  seen  that 
the  magnitude  of  the  fluctuations  appears  to  reach  another  "equilibrium"  level  downstream  of 
the  inviscid  shock  (i.e.,  for  Xs/5q>  *  2  the  ratio  becomes  approximately  constant). 

Gibson’s  rms  distributions  along  a  line  perpendicular  to  the  upstream  influence  line  are 
shown  in  Figure  19.  The  rms  distributions  do  not  have  the  rms  peak  characteristic  of  an 
intermittent  shock  foot.  On  the  other  hand,  they  do  demonstrate  the  same  trends  as  Tran’s  data 
by  showing  a  global  increase  in  the  magnitude  of  fluctuations  as  the  fin  angle  is  increased. 


2.3.1  The  Effect  of  Increasing  Shock  Strength  on  the  Interaction 

Although  Tran  stated  that "...  the  data  shows  the  strong  dependence  of  the  fluctuation, 
throughout  most  of  the  interaction,  on  the  strength  of  the  inviscid  shock,"  and  indeed  by 
inspection  these  data  do  follow  this  trend,  this  conclusion  cannot  be  supported  by  only  one  set 
of  data.  Consider  that  when  the  fin  angle  is  increased  both  the  inviscid  shock  strength  and  the 
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sweep  of  the  interaction  change.  Hence,  it  is  possible  that  the  increase  in  rms  levels  as  the  fin 
angle  is  increased  may  be  due  to  a  change  in  the  ftowfield  structure  as  the  interaction  sweep  is 
decreased,  the  increase  in  inviscid  pressure  rise,  or  a  combination  of  both  parameters. 

Tran  tried  to  show  that  the  upstream  region  of  the  interaction  was  a  function  of  the 
inviscid  pressure  rise  by  comparing  measurements  made  in  the  interactions  generated  by  different 
geometries  with  the  same  inviscid  pressure  ratio.  The  geometries  included  a  sharp  fin  at  17.S 
d^rees  angle  of  attack,  a  25  degree  semi-cone,  and  two  swept  compression  ramps,  a  30-60 
degree  ramp  and  a  24-60  degree  ramp.  For  the  compression  ramps  the  first  number  (i.e.,  24 
or  30)  is  the  streamwise  angle  of  the  ramp  face  while  the  second  number  (60)  is  the  sweep  angle 
of  the  ramp  comer  line.  The  inviscid  pressure  ratio  for  all  the  generators  is  3.2  except  for  the 
24-60  degree  compression  ramp  which  had  an  inviscid  pressure  ratio  of  3.0.  The  mean  and  rms 
pressure  distributions  are  shown  in  Figures  20  and  21,  respectively. 

By  using  a  coordinate  stretching  function  Tran  was  able  to  match  the  location  of  the 
upstream  influence  line  and  inviscid  shock  for  each  interaction  geometry  and  compare  how  the 
pressure  distribution  varied  among  the  different  geometries.  From  Figures  20  and  21,  both  the 
mean  and  rms  pressure  distributions  are  very  similar  between  the  upstream  influence  and  inviscid 
shock  trace  lines.  As  is  expected  with  a  lower  pressure  ratio,  the  24-60  degree  swept 
compression  ramp  data  fall  slightly  below  the  rest  of  the  data. 

From  the  above  results  Tran  concluded  that  the  inviscid  shock  strength  was  the  primary 
governing  parameter  for  such  interactions.  Another  conclusion  of  Tran’s  was  that  because  the 
pressure  and  rms  distributions  are  the  same  for  varying  geometries,  the  fluctuations  must  be 
processed  by  the  same  mechanism. 

Although  the  rms  and  mean  pressures  may  be  partially  dependent  on  inviscid  shock 
strength,  the  local  flow  structure,  in  the  form  of  interaction  sweep,  may  also  play  a  role.  When 
comparing  unswept  compression  ramp  and  fin  interactions,  Tran  noted  that  "...  the  rms  peaks 
for  the  swept  interactions  are  only  about  half  the  magnitude  observed  at  similar  shock  strengths." 
Thus,  the  inviscid  shock  strength  does  not  solely  determine  interaction  pressure  levels.  This  is 
not  entirely  surprising  since  the  crossflow  present  in  three-dimensional  interactions  creates  a 
fundamental  physical  difference  between  three-  and  two-dimensional  interactions.  As  reported 
by  Settles  and  Kimmel,^*  the  17.25  deg.  fin,  25  deg.  semi-cone,  and  30-60  degree  compression 
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ramp  all  produce  interactions  with  the  same  separation  sweep  angle.  This  similarity  in  local 
flow  conditions  may  be  one  of  the  reasons  the  various  interactions  have  the  same  mean  and  rms 
pressure  levels. 


2.3.2  The  Effect  of  Spanwise  Variation  on  the  Characteristics  of  the  Interaction 

Tran  compared  the  characteristics  of  the  pressure  signals  at  two  spanwise  distances  firom 
the  fin  leading  edge.  Tran’s  rms  distributions  at  distances  of  1.85  and  5.1  boundary  layo: 
thicknesses  from  the  surface  of  the  fin  are  shown  in  Figure  22.  As  may  be  seen  from  Figure 
22,  especially  in  part  c  where  the  length  of  the  interactions  has  been  scaled  to  match  the 
upstream  influence  and  inviscid  shock  positions,  the  two  distributions  appear  almost  idmtical. 
Thus,  it  appears  that  the  standard  deviation  of  the  wall  pressures  are  quasi-conically  symmetric. 

Gibson’s  rms  distributions  in  the  conical  coordinates  defined  at  the  beginning  of  this 
chapter  are  shown  in  Figure  23.  Although  the  distributions  appear  to  collapse,  scatter  precludes 
a  conclusion  of  quasi-conical  symmetry,  although  other  data  support  the  idea.  For  example,  Ae 
power  spectral  densities  (PSDs)  at  various  spanwise  positions  along  a  ray  in  the  compressiofi 
region,  shown  in  Figure  24,  indicate  a  quasi-conical  flow.  The  similar  shape  of  the  curves 
points  to  the  conical  invariance  of  statistical  properties  along  a  ray  in  the  conical  region  of  die 
flow. 

Although  the  PSDs  and  rms  distributions  of  Figures  23  and  24  seem  to  indicate 
quasi-conical  symmetry,  Gibson  suggested  that  the  flow  details  may  not  be  quasi-conical.  Figure 
25,  which  shows  the  contributions  to  the  total  variance  of  the  various  frequency  bands  at  the 
different  spanwise  positions  of  Figure  24,  indicates  that  there  may  be  a  shift  from  the  higher 
frequencies  to  lower  frequencies  as  the  distance  from  the  leading  edge  of  the  fin  is  increased. 
This  is  evident  from  the  increase  in  the  contribution  to  the  variance  from  fluctuations  in  the  0-2 
and  2-5  kHz  ranges  and  the  corresponding  decrease  in  the  5-15  and  15-50  kHz  ranges. 

However,  because  of  the  difficulty  of  determining  the  exact  location  of  the  VCO, 
Gibson’s  row  of  transducers  probably  did  not  fall  along  a  ray.  As  such,  the  changes  in  variance 
along  the  ray  may  be  due  to  the  change  in  position  within  the  interaction  that  would  occur  along 
the  survey  line  if  it  were,  in  fact,  not  coincident  with  a  ray  from  the  VCO.  In  the  initial 
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compression  region  the  rms  increases  and  energy  content  of  the  fluctuations  moves  from  high 
to  low  frequencies  over  a  relatively  short  distance.  If  Gibson’s  transducer  row  were  slightly 
misaligned,  it  is  probable  that  the  subtle  evolution  of  the  energy  content  of  the  signal  shown  in 
Figure  25  would  be  observed.  Thus,  this  result  must  also  be  treated  with  caution. 


2.3.3  Spectral  Characteristics  of  Sharp  Fin  Interactions 

Tran’s  power  spectral  densities  (PSDs)  along  a  line  in  the  freestream  direction  located 
5.1  boundary  layer  thicknesses  from  the  fin  for  a  =  20  degrees  are  shown  in  Figure  26.  Since 
the  power  is  multiplied  by  the  frequency  and  normalized  by  the  total  variance  of  the  signal,  the 
area  under  each  curve  is  unity.  Hence,  this  normalization  allows  comparison  of  the  relative 
contributions  of  the  various  frequencies.  The  normalized  PSDs  at  a  given  position  in  the 
intmaction  do  not  change  significantly  with  fin  angle;  therefore,  the  20  degree  case  shown  will 
be  sufficient  to  describe  the  spectral  characteristics  for  all  the  interaction  strengths.  Similarly, 
the  PSDs  for  Gibson’s  interaction  at  18  degrees  angle  of  attack  are  shown  in  Figure  27. 

The  evolution  of  the  PSDs  is  seen  to  be  very  similar  to  the  general  picture  presented  in 
Section  2.2.  The  signal  from  the  undisturbed  boundary  layer  shows  that  most  of  the  energy  is 
at  the  relatively  high  frequencies  corresponding  to  the  incoming  turbulence.  In  the  intermittent 
r^cm  it  may  be  seen  that  the  dominant  frequency  shifts  downward  to  lower  frequencies  with 
a  center  frequency  in  this  case  of  about  2  kHz  for  Tran’s  data  and  about  7  or  8  kHz  for  Gibson’s 
data.  After  the  flow  separates,  in  the  plateau  region,  the  power  in  the  signal  shifts  back  up  to 
higher  frequencies.  Finally  the  PSDs  shift  back  to  shapes  typical  of  the  boundary  layer  spectrum 
toward  the  end  of  the  interaction. 

Figure  28,  from  Gibson,  shows  the  contributions  of  various  frequency  bands  to  the 
variance  of  the  signal  as  the  position  in  the  interaction  is  changed.  Starting  on  the  right  hand 
side  of  the  figure,  which  is  in  the  undisturbed  boundary  layer,  and  moving  to  the  left,  into  the 
interaction,  it  may  be  seen  that  the  contributions  of  the  15-50  kHz  range,  which  is  the  primary 
range  of  frequencies  in  the  undisturbed  boundary  layer,  decrease  while  the  contributions  of  the 
lower  frequency  ranges  increase.  In  the  intermittent  region,  the  third  set  of  data  points  from  the 
right-hand  side,  the  dominant  frequencies  appear  to  be  from  the  5-15  kHz  range  while  the  0-2 
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and  2-5  kHz  ranges  also  increase  in  contribution  to  the  variance  while  the  15-50  kHz  range 
makes  a  minimum  contribution.  In  the  separated  region  the  frequency  contributions  gradually 
relax  to  similar  levels  as  in  the  undisturbed  boundary  layer. 

The  general  trend  of  the  evolution  of  frequency  content  through  the  interaction  correlates 
for  the  data  of  both  Tran  and  Gibson.  Further  experiment  is  needed  in  order  to  examine  the 
change  in  center  frequency  for  varying  flowfield  conditions. 


2.3.4  Description  of  the  Wall  Pressure  Signals 

Time-histories  and  the  corresponding  PDDs  at  various  positions  in  Tran’s  interacticHi  are 
shown  in  Figure  29.  Upon  inspection  the  signals  are  obviously  intermittent.  The  PDDs  in  the 
interaction  upstream  of  separation  are  skewed  which  is  indicative  of  the  intermittent  signal.  In 
contrast  to  the  compression  ramp  PDDs,  the  PDDs  for  Tran’s  intermittent  signals  are  noi 
bimodal.  The  reason  the  swept  interaction  does  not  have  the  high  pressure  mode  associated  with 
the  flow  behind  the  separation  shock  is  not  clear  at  this  time. 

From  examination  of  Figure  29  it  is  now  appropriate  to  bring  up  again  the  failure  of 
surface  flow  visualization  to  satisfactorily  predict  the  upstream  influence  line.  The  time-history 
upstream  of  the  one  marked  UI  (for  the  upstream  influence  line)  shows  a  definite  intermittent 
signal  and  skewed  PDD. 

In  contrast  to  the  data  of  Tran  are  the  results  presented  by  Gibson,  shown  in  Figure  30. 
Gibson’s  time-histories  show  no  evidence  of  an  intermittent  signal  and  the  corresponding  PDDs 
are  approximately  Gaussian,  with  only  the  slightest  hint  of  skewness  in  the  intermittent  region. 
Although  no  explanation  may  be  given  for  the  discrepancy  among  the  different  experiments,  the 
author  feels  that  perhaps  Gibson  had  a  resolution  problem  caused  by  the  relatively  large 
transducer  diameter  compared  to  the  boundary  layer  thickness.  Figure  31  shows  Gibson’s 
skewness  distributions  for  the  16  and  18  degree  sharp  fin  interactions.  The  rise  in  skewness  is 
consistent  with  that  observed  in  intermittent  interactions.  The  skewness  distribution  through  an 
unswept  compression  ramp  interaction  is  shown  in  Figure  32.  To  this  author,  the  similarity  of 
Figures  31  and  32  indicate  that  Gibson’s  signals  may  be  intermittent. 

Tran’s  intermittency  distributions  for  angles  of  attack  of  12,  16,  and  20  degrees  are 
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shown  in  Figure  33.  Tran  notes  that  for  the  higher  angles  the  intermittency  at  the  upstream 
influence  line  is  60  percent.  This  again  may  be  due  to  the  failure  of  the  flow  visualization  to 
predict  the  upstream  influence  position  or  possibly  some  mistake  in  the  interpretation  of 
upstream  influence  on  the  flow  visualization.  In  any  case,  the  occurrence  of  60  percent 
intermittency  at  the  upstream  influence  line  appears  to  be  physically  inconsistent  with  the 
definition  of  upstream  influence. 


2.3.5  Comparison  of  2-D  Compression  Ramp  and  3-D  Sharp  Fin  Interactions 

Although  swept  and  unswept  interactions  apparently  have  different  flowfield  structures, 
Tran  tried  to  correlate  the  peak  rms  values  from  three  dimensional  sharp  fin  interactions  and  two 
dimensional  compression  ramp  interactions.  The  compression  ramp  data  used  was  that  of 
Dolling  and  Or.^'  The  peak  rms  as  a  function  of  inviscid  pressure  rise  is  shown  in  Figure  34. 
It  may  be  seen  that  the  2-D  interactions  produce  a  significantly  higher  peak  rms  than  3-D 
interactions  of  the  same  strength.  This  seems  to  invalidate  Tran’s  comments  earlier  on  the 
inviscid  shock  strength  determining  the  rms  levels. 

The  peak  rms  for  both  2-D  and  3-D  interactions  as  functions  of  mean  pressure  gradient 
evaluated  at  the  point  of  maximum  rms  and  spatial  extent  of  intermittency  are  shown  in  Figures 
35a  and  3Sb,  respectively.  The  compression  ramp  and  sharp  fin  interaction  show  opposing 
trends  in  both  figures  and  it  has  been  noted  by  Tran  that  the  initial  pressure  gradient  and  spatial 
extent  of  intermittency  must  not  be  the  appropriate  parameters  for  determining  peak  rms  values. 

In  a  third  attempt  to  produce  a  correlating  parameter  for  peak  rms  values  Tran  tried  to 
combine  the  mean  pressure  gradient  and  spatial  extent  of  intermittency  in  a  single  parameter. 
The  parameter,  AP,  is  given  at  the  bottom  of  Figure  36  which  shows  peak  rms  versus  the 
parameter  AP  for  both  the  compression  ramp  and  sharp  fin  interactions.  Although  it  appears  that 
the  combined  parameter  allows  both  sets  of  data  to  be  combined  on  a  single  curve,  only  one 
point  overlaps  from  each  data  set  and  no  firm  conclusions  may  be  drawn  from  the  data  without 
furdier  experiment. 
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2.4  Summary 

The  preceding  chapter  has  attempted  to  briefly  sum  up  the  current  knowledge  of  the 
interaction  between  a  swept  shock  wave  generated  by  a  sharp  unswept  fin  and  a  turbulent 
boundary  layer.  Since  the  routine  capability  to  make  unsteady  pressure  measurements  beneath 
the  interaction  has  only  become  available  in  recent  years,  the  majority  of  our  knowledge  is  of 
the  time  averaged  flowfield  structure  and  surface  properties.  The  large  body  of  work  devoted 
to  this  end  has  resulted  in  a  fairly  sophisticated  model  of  the  time  averaged  interaction  which 
is  widely  accepted.  However,  as  far  as  is  known,  only  two  studies  have  been  made  of  the 
interaction  unsteadiness.  Because  of  the  importance  of  fluctuating  pressure  loads  and  heat 
transfer  rates,  the  study  of  the  interaction  unsteadiness  is  an  important  research  area  in  fluid 
dynamics. 

The  studies  of  interaction  unsteadiness  made  by  Tran^  and  Gibson*  were  reviewed  in 
Section  2.3.  The  apparently  contradictory  results  from  these  studies  shows  the  need  for  further 
investigation  of  the  interaction  unsteadiness.  Tran  and  Gibson’s  studies  were  made  at  different 
Mach  numbers,  thus,  although  the  range  of  fin  angles  overlap,  the  inviscid  pressure  ratios  and 
interaction  sweep  angles  do  not  overlap.  In  the  current  study  attention  was  focused  on 
interactions  with  sweep  angles  that  provided  overlap  with  both  Tran  and  Gibson’s  sweep  angle 
ranges.  The  Mach  number,  S,  was  the  same  as  Gibson’s  experiment,  but  the  boundary  layer 
thickness  was  approximately  the  same  as  that  of  Tran’s  experiment.  Hence,  the  current 
experiment  is  an  attempt  to  study  the  unsteadiness  of  the  interaction  at  flow  conditions  betweem 
the  two  extremes  studied  by  Tran  and  Gibson.  By  examining  the  fluctuating  wall  pressure 
signals  and  using  standard  time  series  analysis,  the  questions  posed  in  Chapter  1  have  been 
addressed. 
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3.  Experimental  Program 


In  the  current  study  fluctuating  wall  pressure  measurements  were  made  beneath  the 
interaction  generated  by  a  sharp,  unswept  fin  at  16,  18,  20,  22,  24,  26,  and  28  degrees  angle 
of  attack  at  Mach  S.  The  experimental  program  consisted  of  two  phases:  a  preparatory  phase 
and  a  data  acquisition  phase.  The  objectives  of  the  prqnratory  phase  were  (1)  first  "proofing” 
the  models  to  ensure  proper  functioning  in  the  wind  tunnel  and  (2)  obtaining  surface  flow 
visualization  in  order  to  obtain  quantitative  data  on  the  flowfield  scale  and  feature  locations. 
Surface  flow  visualization  results  from  the  flnt  phase  of  the  experiment  were  used  to  position 
the  pressure  transducers  at  appropriate  locations.  The  second  phase  consisted  of  making 
fluctuating  wall  pressure  measurements  from  which  the  motion  of  the  separation  shock  wave  and 
details  of  the  interaction  unsteadiness  were  determined. 

3.1  Test  Facilities  and  Flow  Conditions 

Experiments  were  conducted  in  the  Mach  5  blowdown  tunnel  at  Balcones  Research 
Center,  Austin,  Texas.  The  tunnel  has  a  constant  area  test  section  which  is  7  inches  high  by  6 
inches  wide  and  is  located  about  36  inches  downstream  of  the  nozzle  throat.  Two  removable 
side  doors  allow  access  to  the  test  section.  A  removable  tunnel  floor  insert  allows  easy  model 
installation  and  the  means  of  optimizing  the  hardware  locations  for  a  given  experiment. 

Air  for  the  tunnel  is  provided  by  a  Worthington  HB4  four-stage  compressor  and  stored 
in  external  tanks  with  a  volume  of  140  cubic  feet  at  a  pressure  of  about  2500  psia.  The 
stagnation  pressure  is  regulated  by  a  valve  between  the  storage  tanks  and  the  stilling  chamber. 
Stilling  chamber  temperature  is  regulated  by  two  banks  of  nichrome  wire  heaters,  each 
dissipating  about  400  kW.  The  typical  stagnation  chamber  pressure  and  temperature  for  the 
current  work  were  330  psia  and  635 "R,  respectively.  Nominal  Mach  number  in  the  test  section 
is  4.95.  Table  2  lists  the  freestream  conditions  for  the  current  experiment. 
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Table  2.  Tunnel  Freestieam  Conditions 


Parameter 

Metric 

English 

M« 

4.95 

4.95 

Re. 

47.88  X  l(f/m 

14.59xl0*/ft 

u. 

766  m/s 

2514  fl/s 

Po 

2.275x10*  Pa 

330  psia 

To 

352  K 

635  "R 

«o 

1.51  cm 

0.59  inches 

The  experiment  was  conducted  on  the  tunnel  floor  using  the  turbulent  boundary  layer 
which  developed  naturally  on  the  wall.  McClure^*  has  made  centerline  pitot  pressure  and  total 
temperature  surveys  of  the  undisturbed  boundary  layer  at  several  streamwise  positions  in  die 
test  section  and  has  shown  that  the  velocity  profile  closely  matches  the  law  of  the  wall/law  of 
the  wake.  Table  3  lists  the  properties  of  the  boundary  layer  3.74  inches  from  the  junction  of 
the  nozzle  and  test  section.  This  position  is  1.3  inches  downstream  of  the  fin  leading  edge. 

Table  3.  Undisturbed  Boundary  Layer  Parameters 


^0 

1.51  cm 

0.59  in. 

5* 

0.67  cm 

0.26  in. 

0 

6.6x10'^  cm  2,6xl0‘^  in. 

n 

0.78 

H 

10.2 

Rce 

3.17  X  10* 

7.74  X  10^ 
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3.2  Shock  Generator 
3.2.1  Sharp  Unswept  Fin 

The  shock  generator  used  for  the  current  experiment  was  a  stainless  steel  fin  with  an 
unswqit,  sharp  leading  edge  mounted  normal  to  the  floor  of  the  wind  tunnel  as  shown  in  Figure 
37.  Two  fins  were  built  for  the  experiment  since  the  design  was  improved  between  the  first  and 
second  phases  of  the  experiment. 

In  both  cases  the  fins  were  maintained  perpendicular  to  the  tunnel  floor  by  a  3/8-inch- 
diameter  steel  shoulder  bolt.  The  bolt  hole  in  the  tunnel  floor  was  located  3.44  inches 
downstream  of  the  nozzle/ test  section  junction  and  1.69  inches  from  the  right  side  of  the  tunnel 
when  facing  upstream.  The  bolt  passed  through  the  floor  of  the  test  section  and  threaded  into 
the  underside  of  the  fin  1  inch  from  the  fin  leading  edge.  The  shoulder  bolt  not  only  kept  the 
fin  in  place  and  vertical,  but  also  exerted  a  downward  force  on  the  fin  ensuring  that  the  fin 
remained  in  contact  with  the  tunnel  floor.  Teflon  tape  was  attached  to  the  underside  of  the  fin 
in  order  to  prevent  leakage  between  the  high  and  low  pressure  sides  when  the  fin  was  at  angle 
of  attack.  The  tape  also  prevented  metal-to-metal  contact  as  the  fm  angle  of  attack  was  changed. 

At  the  maximum  angle  of  attack  of  28  degrees  the  leading  edge  of  the  fin  was  1 .44  inches 
from  the  right  tunnel  sidewall.  The  trailing  edge  of  the  fin  was  more  than  1.5  inches  from  the 
left  tunnel  sidewall  for  all  cases.  Both  distances  were  sufficient  to  prevent  interactions  of  the 
fin  with  the  sidewall  boundary  layer. 

For  the  first  phase  of  the  experiment  the  fin  was  initially  6  inches  in  length,  4.5  inches 
in  height,  and  0.5  inches  thick.  With  this  fin  the  tunnel  unstarted  at  an  angle  of  attack  of  23 
degrees.  In  order  to  increase  the  angle  of  attack  beyond  23  degrees,  the  fin  length  was 
decreased  to  5  inches.  The  maximum  angle  of  attack  attainable  subsequently  increased  to  26 
d^rees.  Finally,  the  fin  height  was  reduced  to  3.75  inches  which  permitted  tests  at  28  degrees 
angle  of  attack.  Because  of  the  difficulty  encountered  in  passing  the  tunnel  startup  normal  shock 
through  the  test  section,  for  large  angles  of  attack  the  fin  angle  was  decreased  before  tunnel 
startup  to  reduce  tunnel  blockage.  After  Mach  5  flow  was  established  in  the  test  section  the  fin 
angle  was  increased  to  the  desired  test  angle.  For  the  large  fin  used  in  the  first  phase  of  the 
experiment,  all  angles  of  attack  over  24  degrees  required  a  reduction  in  angle  of  attack  for  tunnel 
startup. 
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Another  fin  was  built  for  the  second  phase  of  the  experiment  and  was  S  inches  long,  3 
inches  high,  and  O.S  inches  thick.  It  was  smaller  than  the  first  not  only  to  prevent  tunnd  stall 
until  higher  angles  of  attack,  but  also  was  small  enough  that  the  tunnel  could  be  started  at  any 
required  angle  of  attack.  Thus  no  reduction  in  fin  angle  prior  to  tunnel  start-up  was  needed. 

3.2.2  Variable  Angle  of  Attack  Mechanism 

An  exploded  view  of  the  variable  angle  of  attack  mechanism  is  shown  in  Figure  38a. 
The  mechanism  is  the  same  one  used  by  Gibson^  and  Rodi‘^  and  consists  of  a  stainless  sted  arm 
attached  to  an  external  mechanism  made  up  of  a  collar,  bolt,  and  block  (see  Figure  38a).  The 
arm  passed  through  a  hole  in  the  tunnel  side  door  and  was  pinned  to  the  collar  whose  opposite 
end  had  a  hole  threaded  with  left  handed  threads.  The  left  hand  threads  of  the  yoke  matched 
another  set  of  left  handed  threads  on  the  front  section  of  the  0.5  inch  stress-proof  steel  bolt.  The 
part  of  the  steel  bolt  near  the  head  had  right  hand  threads  and  a  larger  diameter  than  the  front 
portion.  The  right  hand  threaded,  large  diameter  section  of  the  bolt  mounted  through  the  block 
which  also  had  right  hand  threads.  The  block  was  attached  to  the  external  side  of  the  wall  of 
the  test  section.  By  turning  the  external  end  of  the  bolt  a  translation  without  rotation  could  be 
given  to  the  arm  via  the  two  sets  of  opposing  threads.  In  order  to  prevent  the  cavity  inside  the 
block  from  affecting  the  flow  in  the  test  section,  two  plates  were  bolted  over  the  hole  in  the 
tunnel  access  door  leading  to  the  cavity  in  the  block.  A  hole  cut  at  the  junction  of  the  two  plates 
was  large  enough  for  the  arm  to  pass  through  unrestricted  but  not  large  enough  to  significantly 
affect  the  flow  in  the  test  section.  The  assembled  angle  of  attack  mechanism  is  shown  in  Figure 
38b. 

A  side  view  of  both  fins  is  shown  in  Figure  39.  The  stainless  steel  arm  attached  to  the 
fin  at  a  height  of  3  inches  above  the  tunnel  floor  and  3.5  inches  from  its  leading  edge.  In  the 
case  of  the  large  fin  used  in  the  first  phase  of  the  experiment,  the  arm  was  attached  to  the 
leeward  side  by  a  pin  that  passed  through  a  hole  in  the  end  of  the  arm.  The  end  of  the  arm  and 
attachment  pin  fit  in  the  two  slots  in  the  side  of  the  fin.  The  ends  of  the  pin  were  held  in  the 
vertical  slot  by  two  plates  that  bolted  onto  the  leeward  side  of  the  fin.  The  horizontal  slot  allows 
the  fin  to  rotate  with  respect  to  the  arm  without  contact  between  the  arm  and  fin. 

In  the  case  of  the  smaller  fin  used  in  the  second  phase,  also  shown  in  Figure  39,  the  arm 


was  attached  to  the  top  of  the  fin  using  a  steel  shoulder  bolt.  As  shown  in  Figure  39,  the 
leeward  side  of  the  second  fin  had  a  shelf  cut  at  the  intersection  of  the  leeward  side  and  top  of 
the  fin.  The  shelf  was  needed  in  order  to  allow  the  arm  to  mount  on  the  top  of  the  fm  while 
remaining  horizontal. 


3.3  Instrumentation 

3.3.1  Transducer  Specifications 

Fluctuating  wall  pressure  measurements  were  made  using  Kulite  Semiconductor  Products, 
Inc.  model  XCQ-062-1SA  and  XCQ-062-S0A  miniature  transducers.  The  transducers  have  a 
fully  active  four  arm  Wheatstone  bridge  diffused  into  a  silicon  diaphragm.  The  transducer  has 
a  pressure  sensitive  area  0.028  inches  in  diameter  and  an  outer  diameter  of  approximately  0.064 
inches.  The  model  XCQ-062-15A  has  a  range  of  0-15  psia  and  a  natural  frequency  of  about  250 
kHz  as  quoted  by  the  manufacturer.  The  model  XCQ-062-50A  has  a  range  of  0-50  psia  and  a 
natural  frequency  of  500  kHz.  Both  types  of  transducers  have  perforated  screens  above  the 
diaphragm  to  protect  it  from  damage  due  to  any  dust  particles  in  the  flow.  The  protective 
screens  limit  the  frequency  response  of  both  models  to  about  50  kHz.  According  to  the 
manufacturer,  both  models  have  a  nominal  100  mV  full  scale  output  and  a  thermal  zero  shift  of 
approximately  +  2%  of  full  scale  per  100  degrees  Fahrenheit. 

The  transducers  were  calibrated  statically  using  a  Heise  model  710A  digital  pressure 
guage  accurate  to  within  0.001  psia.  The  calibrations  were  static  since  this  is  a  much  simpler 
jnocedure  than  dynamic  and  because  it  has  been  shown  that  static  calibrations  differ  from 
dynamic  calibrations  by  only  2-3 

3.3.2  Instrumentation  Plug 

The  transducers  were  mounted  along  two  straight  rows  in  a  rotatable  plug  located 
undoneath  the  swept  interaction  produced  by  the  sharp  fin.  The  locations  of  the  plug  and 
transducer  ports  relative  to  the  fin  are  shown  in  Figure  40.  The  hollow  circular  plug  was  3 
inches  in  diameter  with  its  center  located  0.553  inches  downstream  and  1 .729  inches  toward  the 
centerline  of  the  tunnel  from  the  fin  mounting  hole.  Overall,  the  plug  is  1.5  inches  high,  with 


28 


1  inch  of  plug  shank  passing  through  the  1  inch  thick  tunnel  floor  and  a  half-inch  of  plug  witti 
extensions  on  either  side  extending  from  the  bottom  of  the  tunnel  on  the  outer  surface.  An 
isometric  view  is  shown  in  Figure  41. 

The  plug  was  mounted  in  the  floor  of  the  tunnel  as  shown  in  Figures  37  and  40.  The  two 
three-quarter  inch  slotted  flanges  of  60  degrees  arc  on  either  side  of  the  external  surface  are 
evident  in  Figure  41.  Using  these,  the  plug  could  be  bolted  to  the  external  side  of  the  tunnel 
floor.  The  plug  surface  had  been  machined  flush  with  the  tunnel  floor  but  required  shimming 
with  masking  tape  before  it  was  truly  flush.  To  ensure  no  leakage  between  the  plug  and  die 
tunnel  floor,  an  O-ring  was  located  on  the  shank  of  the  plug  in  such  a  way  that  it  would  fill  the 
gap  between  the  tunnel  floor  and  the  plug  when  it  was  inserted  in  the  tunnel  floor.  By  using 
arced  slots  instead  of  bolt  holes  on  the  external  flanges  of  the  instrumentation  plug,  the  plug 
could  be  rotated  in  the  tunnel  floor  in  order  to  position  the  rows  of  transducer  ports  as  needed. 

Transducers  ports  were  located  in  two  straight  rows  on  the  surface  of  the  plug  flush  with 
the  tunnel  floor.  Transducer  locations  on  the  plug  are  shown  in  Figure  42.  When  the  plug  is 
in  its  unrotated  position,  the  transducer  rows  are  at  an  angle  of  55.5  deg.  with  respect  to  the 
freestream  direction.  As  shown  in  Figure  42,  rows  B  and  C  are  0.2  and  0.6  inches  from  die 
center  of  the  plug,  respectively,  and  are  downstream  of  the  center  of  the  plug.  There  are  20 
transducer  ports  on  row  C  and  23  on  row  B,  All  transducer  ports  were  spaced  0. 1 15  inches 
apart.  On  row  B  the  twelfth  transducer  is  located  on  the  diameter  of  the  plug  normal  to  the 
transducer  row,  while  on  row  C  the  tenth  transducer  from  the  upstream  region  is  on  the 
diameter.  Finally,  the  plug  may  be  rotated  180  degrees  and  installed  so  that  the  transducer  rows 
are  at  the  same  angle  but  upstream  of  the  center  of  the  plug.  When  the  plug  is  in  the  fully 
rotated  position,  the  transducer  rows  are  closer  to  the  leading  edge  of  the  fin.  In  the  rotated 
position  row  C  is  renamed  row  A. 

3.3.3  Signal  Conditioning  and  Data  Acquisition 

Transducer  voltage  output  was  amplified  by  either  Measurements  Group  Model  2311, 
PARC  Model  1 13  or  Dynamics  Model  7525  amplifiers  and  low  pass  filtered  by  Ithaco  Model 
4113  or  4213  filters  before  being  digitized.  The  amplification  was  optimized  to  prodim  the 
maximum  range  of  output  voltages  within  the  limits  of  the  data  acquisition  system  while  the 


signal  was  filtered  at  cutoff  frequencies  of  either  20  or  50  kHz  depending  on  the  sampling 
frequency.  The  analog  to  digital  converters  are  two  LeCroy  Model  6810  Waveform  Recorders 
witfi  maximum  sampling  rates  of  1  MHz/channel  for  8  channels  and  an  ouput  of  4096  counts 
for  5  volts  at  the  input.  For  the  second  phase  of  the  experiment  pressure  data  were  taken  on 
between  6  and  8  channels  and  at  sampling  rates  of  either  50  or  200  kHz  per  channel  depending 
on  die  purpose  of  the  run.  For  each  run,  256  records  of  1024  points  were  acquired.  Typical 
noise  on  the  data  acquistion  system  was  between  Hh  5-15  counts  peak-to-peak. 

3.4  Experimental  Procedure 

3.4.1  Determination  of  Fin  Angle  of  Attack 

Fin  angle  of  attack  was  determined  by  placing  a  variable  angle  protractor  against  the 
windward  face  of  the  fin  and  then  determining  the  angle  between  the  fin  face  and  the  opposite 
sidewall  of  the  test  section.  A  feeler  gauge  was  used  to  ensure  that  the  surface  of  the  protractor 
was  flush  with  the  fin  face  over  the  entire  length  of  the  fin  and  that  there  were  no  gaps  between 
the  fin  and  the  tunnel  floor.  Using  this  method  and  accounting  for  a  slight  hysteresis  in  the  arm 
mechanism,  it  is  estimated  that  the  angle  of  attack  of  the  fin  is  accurate  to  within  ±  0.5  degree. 

3.4.2  Surface  Flow  Visualization 

Before  the  surface  pressure  transducers  could  be  properly  positioned,  the  location  and 
scale  of  the  flow  features  had  to  be  determined  for  each  fin  angle.  This  was  accomplished  via 
the  kerosene-lampblack  method  of  surface  flow  visualization^. 

The  kerosene-lampblack  method  provides  a  full  scale  image  of  the  mean  surface 
streamlines.  The  mixture  is  painted  on  the  test  section  floor  upstream  of  the  model  prior  to 
tunnel  startup.  As  the  flow  establishes  itself  it  is  carried  downstream  and  distributed  by  the 
mean  wall  shear  stress.  The  carrier  (i.e.,  the  kerosene)  evaporates,  leaving  behind  the 
lampblack  which  traces  the  paths  of  the  surface  streamlines.  After  the  tunnel  has  been  shut 
down  the  surface  pattern  is  lifted  off  the  floor  of  the  tunnel  on  a  large  piece  of  transparent  tape. 

Typically  the  lampblack  is  mixed  with  kerosene  as  the  carrier  but  for  this  experiment  the 
carrier  was  a  mixture  of  kerosene  and  diesel  fuel.  The  diesel  fuel  was  added  in  order  to  delay 
the  evaporation  of  the  carrier  until  the  mixture  had  been  carried  through  the  entire  interaction. 
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No  precise  measurements  of  the  quantities  of  diesel,  kerosene,  and  lampblack  used  in  the 
mixture  were  made.  Rather  the  ingredients  were  added  using  a  trial-and-error  method  until  the 
mixture  appeared  to  have  a  promising  consistracy.  After  the  mixture  had  been  tried  in  a  tunnel 
run,  the  contents  of  the  mixture  were  modified  in  order  to  try  and  produce  better  results.  This 
iterative  procedure  was  used  until  the  mixture  was  judged  satisfactory. 

3.4.3  Fluctuating  Wall  Pressure  Measurements 

The  fluctuating  surface  pressure  in  the  interaction  was  measured  using  between  six  and 
eight  pressure  transducers  along  rows  B  and  C  of  the  instrumented  plug.  By  rotating  the  plug 
180  degrees  it  was  possible  to  obtain  data  at  four  distances  from  the  fin  leading  edge.  In  the 
following  section  the  term  "inner"  refers  to  the  condition  where  the  plug  has  been  installed  widi 
a  180  degree  rotation,  such  that  the  transducer  rows  are  upstream  of  the  center  of  the  {dpg. 
Also,  when  the  plug  is  in  the  inner  position  the  transducer  rows  are  closest  to  the  fin  leading 
edge.  Conversely,  when  the  plug  is  in  the  "outer"  position  the  transducer  rows  are  downstream 
of  the  center  of  the  plug  and  the  rows  are  furthest  away  from  the  fin  leading  edge.  The  |dug 
is  shown  in  the  outer  position  in  the  figures  of  the  preceding  sections.  The  majority  of  the  data 
was  collected  with  a  sampling  rate  of  200  kHz,  but  since  the  number  of  data  records  acquired 
per  run  was  constant,  some  runs  were  repeated  using  a  sampling  frequency  of  SO  kHz  in  order 
to  obtain  better  resolution  of  the  lower  frequencies  in  the  power  spectrum. 

Measurements  were  made  perpendicular  to  the  inviscid  shock  wave  for  all  runs  in  which 
the  transducer  rows  were  in  the  inner  position.  When  the  transducer  rows  were  in  the  outer 
position,  measurements  could  be  made  normal  to  the  inviscid  shock  for  fin  angles  less  than  22 
degrees.  Table  4  lists  the  orientation  of  the  transducer  rows  with  respect  to  normal  to  the 
freestream  for  all  measurements  made  with  the  plug  in  the  outer  position. 


31 


Table  4.  Orientation  of  Transducer  Plug  in  Outer  Position 


Fin  Angle  (deg.) 

Inviscid  Shock 
Angle  (deg.) 

Transducer  Row 
Angle  (deg.) 

Angle  Between 
Transducer  Row  and 
Normal  to  Shock 
(deg.) 

16 

25.48 

25.5 

•0 

18 

27.65 

27.5 

•0 

20 

29.9 

30 

•0 

22 

32.23 

32 

-0 

24 

34.64 

37  or  34.5 

•»3  or  0 

26 

37.14 

64 

-26 

28 

39.74 

64 

-24 

32 


4.  Results 


4.1  Surface  Flow  Visualization 

Originally,  surface  flow  visualization  was  to  be  made  during  the  first  stage  of  die  test 
program  using  a  variation  of  the  standard  kerosene-lampblack  technique.^  Howev»,  due  to  the 
poor  quality  of  some  of  the  surface  patterns  obtained  in  the  first  stage,  additional  surface  flow 
visualization  was  made  at  the  end  of  the  second  stage  of  the  test  program. 

Because  of  the  low  static  pressure  ( ••  0.6  psia)  in  the  Mach  S  tunnel,  the  kmisoie  in  the 
standard  flow  visualization  slurry  evaporates  before  an  adequate  record  of  the  streamlines  can 
be  obtained.  For  this  reason  diesel  fuel  was  added  to  the  mixture  in  order  to  delay  the  drying 
of  the  slurry  and  allow  sufficient  time  for  the  lampblack  to  be  deposited  throughout  the  wall 
shear  stress  field.  The  key  to  employing  this  method  of  flow  visualization  is  obtaining  exactly 
the  right  mixture  of  diesel  fuel,  kerosene,  and  lampblack.  If  the  mixture  is  too  "wet",  i.e.,  tiie 
ratio  of  diesel  fuel  to  kerosene  is  too  high,  the  slurry  will  not  dry  during  the  run  and  tire 
backflow  at  tunnel  shutdown  will  blur  any  features  in  the  surface  pattern  generated  by  the 
interaction.  Conversely,  if  the  slurry  is  too  "dry”,  i.e.,  with  a  low  ratio  of  diesel  fuel  to 
kerosene,  the  slurry  will  dry  before  the  surface  pattern  has  been  defined.  This  latter  problem 
is  the  one  typically  encountered  when  the  fin  angle  of  attack  must  be  reduced  in  order  to 
decrease  blockage  for  tunnel  startup  and  then  increased  to  the  test  angle  after  supersmuc  flow 
has  been  established  in  the  test  section. 

Thus,  in  the  first  stage  of  the  test  program,  which  used  the  large  fin,  successful  surflue 
flow  visualizations  were  obtained  only  for  fin  angles  of  20,  22,  and  24  deg.  These  angles  were 
low  enough  so  that  the  fin  angle,  a,  did  not  have  to  be  reduced  for  tunnel  startup.  Fin  angles 
lower  than  20  deg.  exhibited  a  problem  with  the  surface  flow  patterns  not  drying  before  they 
were  distorted  by  the  backflow  at  shutdown.  Tests  at  fin  angles  higher  than  24  degrees  required 
a  reduction  in  fin  angle  for  tunnel  startup  and  the  slurry  typically  dried  before  the  interaction 
surface  pattern  had  a  chance  to  form. 

At  the  end  of  the  second  stage  of  the  test  program  surface  flow  visualization  was 
obtained  using  the  smaller  fin  made  for  the  second  stage  of  the  experiments.  Satisfactory  results 
were  obtained  for  all  fin  angles  studied  because  a  reduction  in  fin  angle  was  not  required  for 
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tunnel  startup.  Additionally,  the  slurry  mixture  was  improved  upon  over  that  used  in  the  first 
stage  of  the  investigation,  producing  superior  patterns.  The  quantitative  results  obtained  using 
the  second  fm  are  practically  identical  to  those  (Stained  in  the  first  stage. 

A  typical  result  of  this  method  of  surface  flow  visualization  is  shown  in  Figure  43.  The 
upstream  influence  and  separation  lines  are  noted  on  the  figure.  The  angle  of  the  separation  and 
upstream  influence  lines  were  determined  by  measuring  the  angle  between  the  surface  features 
outside  of  the  inception  region  and  a  reference  line  in  the  freestream  direction.  The  reference 
line  was  conveniently  chosen  as  the  line  formed  by  the  intersection  of  the  tunnel  floor  insert  and 
the  tunnel  floor  and  is  noted  in  Figure  43.  Finally,  the  virtual  conical  origin  (VCO)  was 
determined  as  the  intersection  point  of  a  line  drawn  asymptotically  to  the  separation  line  in  the 
quasi-conical  farfield  and  the  inviscid  shock  trace  extended  ahead  of  the  fin  leading  edge.  Table 
S  summarizes  the  results  of  the  surface  flow  visualization  made  during  both  stages  of  the  test 
program. 


Table  S.  Summary  of  Surface  Flow  Visualization  Results 


Fin  Angle  (deg) 

Separation  Line 
Angle  (deg) 

Upstream  Influence 
Angle  (deg) 

Distance  to  VCO 
from  fm  L.E.  (in) 

16 

34.5 

.... 

...  - 

18 

41.5 

.... 

1.9 

20 

44 

45 

2.05 

22 

48 

49 

1.63 

24 

53 

54 

1.48 

26 

58.5 

.... 

1.2 

28 

64 

66 

0.81 

The  data  presented  in  Table  5  are  average  values  determined  from  between  two  and  six 
surface  flow  visualization  patterns  for  each  angle  of  attack,  with  the  exception  of  the  results  at 
a  B  26  deg.  for  which  only  one  surface  pattern  was  obtained.  A  dashed  line  in  the  table 
indicates  that  results  could  not  be  determined  for  that  case.  The  separation  lines  were  clear  for 
all  angles  except  16  degrees  which  had  less  well  defined  surface  flow  features,  probably  due  to 
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the  relatively  weak  strength  and  high  sweep  of  the  interaction.  For  all  fin  angles  for  whidi 
multiple  surface  patterns  were  obtained  the  separation  line  angle  was  very  rq)eatable  (  a 
maximum  deviation  of  2  degrees  from  the  average  value  for  the  worst  case).  In  contrast,  the 
upstream  influence  line  was  generally  very  difficult  to  discern  in  the  surface  flow  patt^s;  no 
line  was  seen  in  any  of  the  patterns  taken  at  16,  18,  or  26  degrees.  For  the  angles  for  which 
upstream  influence  lines  were  observed,  the  upstream  influence  angle  was  greater  than  die 
separation  angle  by  about  1  degree. 

Finally,  the  distance  from  the  fin  leading  edge  to  the  VCO  along  the  inviscid  shock  trace 
exhibited  considerable  scatter  between  the  various  patterns  obtained  at  the  same  fin  angle.  As 
shown  in  Table  5  above,  for  a  ^  20  deg.  the  distance  from  the  fin  leading  edge  to  the  WCO 
decreases  as  the  fin  angle  and,  hence,  the  interaction  strength,  is  increased.  This  is  the  same 
trend  observed  in  other  investigations.*'’  No  distance  to  the  VCO  was  determined  for  the  a  » 
16  deg.  cases,  and  the  ot  =  18  deg.  cases  appear  to  be  in  the  inception  region.  This  conclusion 
stems  from  the  fact  that  the  distance  to  the  VCO  is  unrealistically  small  when  compared  with  the 
results  for  higher  fui  angles. 

Table  6  compares  the  results  from  the  currrat  study  with  the  surface  flow  feature  angks 
predicted  using  the  correlations  of  Lu,  Settles,  and  Horstmann*^  and  Zheltovodov,  et  al.’^  Bodi 
correlations  were  developed  using  the  results  of  surface  flow  visualization.  The  upstream 
influence  angle  correlations  of  Lu,  Settles,  and  Horstmann  were  developed  using  data  obtained 
at  Mach  numbers  between  2.S  and  4  and  for  interactions  with  shock  angles  less  than  20  d^iees 
greater  than  the  freestream  Mach  angle  (i.e.,  ^q  -  n  ^  20).  The  correlations  of  Zheltovodov, 
et  al.,  for  upstream  influence  and  separation  angles  were  developed  using  data  at  similar  Madi 
numbers  and  shock  angles.  Chapter  2  provides  a  more  complete  description  of  both  sets  of 
correlations. 
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Table  6.  Comparison  of  Results  with  Correlations 


a  (deg) 

Lu,  et  al.*’ 
(deg) 

Zhelt.*^ 

(deg) 

Zhelt.‘^ 

lam. 

(deg) 

Zhelt.'^ 

/S,  turb. 
(deg) 

Expt. 

(deg) 

Expt. 

/3.  (deg) 

16 

36.9 

38.1 

34.2 

36.8 

.... 

34.5 

18 

39.94 

4i.5 

37.6 

40.7 

— 

41.5 

20 

42.81 

44.8 

41.0 

44.5 

45 

44 

22 

45.59 

48.3 

44.3 

48.4 

49 

48 

24 

47.96 

52 

47.5 

52.2 

54 

53 

26 

50.19 

55.8 

50.7 

56.0 

-  _ .  - 

58.5 

28 

52.15 

59.8 

53.7 

59.8 

66 

64 

From  inspection  of  the  table,  both  correlations  reasonably  predict  the  surface  feature 
angles  except  for  the  strongest  interaction  where  a  ^  26  deg.  This  may  result  because  the 
correlations  were  developed  for  Mach  numbers  between  2  and  4  and  the  Mach  S,  a  ^  26  deg. 
interactions  are  significantly  stronger  than  any  of  those  used  to  develop  the  correlations.  For 
angles  less  than  28  deg.  the  separation  angles  determined  experimentally  show  excellent 
agreement  with  those  predicted  via  the  Zheltovodov  correlation.  The  correlation  for  turbulent 
reverse  flow  appears  to  best  match  the  experimental  results  for  a  >  16  deg.,  while  for  a  =  16 
deg.  the  correlation  for  laminar  reverse  flow  appears  to  provide  the  best  prediction.  In  general, 
the  experimentally  determined  surface  flow  feature  angles  showed  good  agreement  with  those 
predicted  using  correlations  developed  in  other  facilities.  This  indicates  that  the  interactions 
generated  in  the  current  experiment  are  consistent  with  those  studied  in  earlier  work. 

4^  Fluctuating  Wall  Pressure  Measurements 

Fluctuating  wall  pressure  measurements  were  made  using  up  to  eight  high  frequency 
pressure  transducers  simultaneously.  Two  data  sets  were  compiled  from  these  wall  pressure 
measurements.  The  first,  made  at  fin  angles  of  20,  24,  and  28  degrees,  consists  of 
measurements  made  through  the  interaction  from  the  undisturbed  incoming  boundary  layer  to 
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as  close  to  the  fin  surface  as  was  possible.  Measurements  were  made  at  two  distances  from  the 
fin  leading  edge  using  rows  A  and  C.  The  second  data  set  consists  of  measurements  in  the 
upstream  region  of  the  interaction  from  the  incoming  boundary  layer  to  just  downstream  of 
separation.  Data  were  obtained  for  fin  angles  of  16,  18,  20,  22,  24,  26,  and  28  d^tees 
measured  on  the  outer  radial  row,  row  C.  Exact  transducer  port  and  survey  line  locations  widi 
respect  to  the  fin  are  given  in  Chapter  3. 

Inviscid  shock  theory  predicts  a  Mach  reflection  at  the  tunnel  sidewall  for  a  =  28  d^. 
The  corresponding  surface  flow  visualization  pattern  is  shown  in  Figure  44.  The  transducer 
ports  on  the  outer  row,  C,  appear  to  be  quite  near  the  sidewall  interaction  while  the  transducer 
ports  on  the  middle  row,  B,  appear  to  be  outside  and  upstream  of  it.  Power  spectral  densities 
(PSDs)  for  the  transducer  nearest  the  upstream  influence  line  for  all  three  radial  positions  in  die 
28  degree  interaction  are  shown  in  Figure  4S.  The  PSD  near  the  upstream  influence  line  for  an 
unswept  compression  ramp  interaction  is  also  shown  in  Figure  45.  It  might  be  anticipated  that 
the  unswept  compression  ramp  interaction  would  have  similar  features  to  the  interaction 
produced  by  the  essentially  2-D  shock  of  the  same  strength  impinging  on  the  sidewall.  The 
similarity  of  the  PSD  on  row  C  to  that  of  the  unsw^t  compression  ramp,  notably  the  low 
frequency  components  absent  from  the  PSDs  on  rows  A  and  B,  confirm  the  suspicion  that  the 
outer  row  data  near  the  tunnel  sidewall  are  contaminated  by  the  sidewall  interaction.  Surftce 
flow  visualization  for  the  26  degree  sharp  fin  interaction  is  shown  in  Figure  46.  The  sidewall 
interaction  in  Figure  46  is  significantly  smaller  and  further  downstream  than  that  of  the  28 
degree  interaction  shown  in  Figure  44.  From  inviscid  shock  theory,  the  flow  can  be  turned  back 
to  the  freestream  direction  via  a  reflected  shock  for  fin  angles  below  26  degrees.  Hence,  there 
appears  to  be  no  problem  with  interference  from  the  sidewall  interaction  for  fin  angles  below 
26  degrees. 

Due  to  the  probable  wall  interference  with  the  measurements  made  on  row  C  at  a 
28  deg.,  additional  28  degree  measurements  were  made  on  row  B,  closer  to  the  fin  leading 
edge.  However,  only  measurements  in  the  upstream  region  of  the  interaction  were  made  in  ttiis 
case. 
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4.2.1  Mean  Pressure  Distributions 

The  mean  wall  pressure  distributions  through  the  interaction  for  a  =  20,  24,  and  28  deg. 
are  shown  in  Figure  47.  The  abscissa  is  measured  normal  to  the  inviscid  shock  trace.  Hollow 
symbols  denote  measurements  made  on  rows  B  and  C  while  filled  symbols  denote  measurements 
made  on  row  A.  As  noted  on  the  figure  the  distributions  have  been  vertically  offset  so  that  the 
data  for  each  fm  angle  may  be  clearly  seen.  The  mean  pressure  has  been  normalized  by  the 
fireestream  static  pressure  and  the  distance  from  the  inviscid  shock  trace  has  been  normalized  by 
the  incoming  boundary  layer  thickness.  The  location  of  separation  determined  from  surface  flow 
visualization  is  shown  by  the  "S"  near  each  distribution  and  the  theoretical  inviscid  pressure  level 
for  each  fin  angle  is  indicated  by  the  dashed  line.  Interference  from  the  sidewall  interaction  does 
not  appear  to  have  significantly  altered  the  mean  pressures  measured  on  the  outer  row  of  the  28 
degree  interaction. 

As  seen  in  Figure  47,  the  initial  pressure  rise  moves  upstream  and  steepens  as  the  fin 
angle,  and  subsequently  the  interaction  strength,  increases.  Figure  47  also  shows  the  increase 
in  interaction  scale  with  radial  distance  from  the  fin  leading  edge;  the  initial  pressure  rise  occurs 
further  ahead  of  the  inviscid  shock  as  the  distance  from  the  fin  is  increased.  The  unnormalized 
mean  wall  pressure  distributions  in  the  upstream  region  of  the  interaction  for  all  fin  angles  are 
shown  in  Figure  48.  Each  data  point  is  the  average  of  several  measurements.  It  is  again  evident 
from  Figure  48  that  as  the  interaction  strength  is  increased,  the  initial  pressure  rise  moves 
further  upstream  with  respect  to  the  inviscid  shock. 

Since  the  focus  of  this  investigation  is  on  the  fluctuating  wall  pressures  and  not  on  the 
mean  wall  pressures,  high  frequency  transducers  were  used.  The  frequency  range  to  be 
measured  required  transducers  with  stiff  diaphragms,  which  have  relatively  large  pressure  ranges 
(i.e.,  O-SO  psia).  Since  they  are  not  ideally  suited  to  measuring  the  relatively  low  pressures 
encountered  in  these  interactions,  the  scatter  in  the  mean  pressures  in  Figures  47  and  48  is  to 
be  expected.  Overall  though,  the  features  and  trends  evident  in  the  mean  pressure  distributions 
agree  well  with  those  measured  by  other  investigators. 

4JS.2  RMS  Distributions 

The  standard  deviation  of  the  wall  pressure  signals  through  the  entire  interaction  for  a 


=  20,  24,  and  28  deg.  measured  on  rows  A  and  C  are  shown  in  Figure  49.  Data  measured  on 
row  B  in  the  upstream  region  of  the  interaction  is  also  included.  From  comparison  with  Figure 
47  it  is  evident  that  the  initial  rise  in  rms  occurs  just  upstream  of  the  initial  rise  in  the  mean 
pressure.  In  contrast  to  the  mean  distribution,  which  exhibits  a  flat,  plateau  region  after  die 
initial  rise,  the  rms  distributions  show  a  sharp  initial  rise  after  which  they  generally  continue  to 
increase  towards  the  fin  face.  The  peak  in  the  rms  distribution  just  after  the  initial  rise  that  is 
typically  associated  with  an  intermittent  separation  shock  wave  is  present  in  all  distributions 
except  a  =  20  deg.  on  the  inner  row.  For  the  a  =  20  deg.  interaction  the  peak  in  the  rms 
distribution  probably  falls  between  the  transducer  ports  and  is,  therefore,  not  seen  in  die 
distribution. 

The  rms  distributions  in  the  upstream  region  of  the  interaction  for  all  fm  angles  are 
shown  in  Figure  50.  It  can  be  seen  from  Figures  49  and  SO  that  the  rms  levels  increase  globally 
as  the  fin  angle  is  increased.  Whether  this  is  a  function  of  the  increased  strength  of  die 
interaction  (i.e. ,  inviscid  shock  strength)  or  the  decreased  sweep  will  be  commented  on  in  a  later 
section.  Finally,  from  inspection  of  Figures  49  and  SO,  it  appears  that  the  interference  flrom  the 
sidewall  interaction  for  a  =  28  deg.  has  affected  the  rms  of  the  outer  transducers  on  row  C. 
The  fact  that  similar  rms  levels  occur  on  rows  A  and  B  at  a  =  28  deg.  seem  to  indicate  that  die 
higher  rms  levels  seen  on  row  C  are  not  due  to  the  interaction  generated  by  the  sharp  fin,  but 
rather,  the  tunnel  sidewall  interaction. 

The  standard  deviation  distributions  normalized  by  the  local  mean  wall  pressure  bodi 
through  the  interaction  and  in  the  upstream  region  are  shown  in  Figures  SI  and  S2,  respectively. 
The  first  point  to  note  upon  inspection  of  Figure  SI  is  the  similarity  with  the  results  of  Tran, 
shown  earlier  in  Figure  18b.  Although  Tran’s  distributions  do  not  have  the  large  peak  just  in 
front  of  the  inviscid  shock,  the  present  interactions  are  considerably  stronger  than  those  of  Tran 
and  it  is  possible  that  this  phenomenon  evolves  as  the  strength  of  the  interaction  is  increased. 
This  conclusion  is  supported  by  Figure  1 1  which  showed  the  normalized  rms  distributions  for 
unswept  compression  ramps  at  Mach  numbers  of  3  and  5.  The  Mach  S  data  exhibit  a  significant 
peak  near  the  inviscid  shock  trace  while  in  the  Mach  3  data  the  peak  is  relatively  small.  Also 
similar  to  Tran’s  distributions  are  the  relatively  low  normalized  rms  values  reached  near  the  fin 
surface  (i.e.,  «  O.OS)  by  all  the  distributions.  Figures  SI  and  S2  show  that  the  normalized 
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standard  deviation  increases  as  the  fin  angle  is  increased.  This  indicates  that  the  increase  in 
standard  deviation  with  increasing  ftn  angle  is  not  simply  due  to  the  increased  mean  pressures 
in  the  interaction.  Finally,  the  influence  of  the  sidewall  interaction  is  seen  again  in  Figures  51 
and  52  where  the  rms  levels  measured  on  the  outer  row  for  a  =  28  deg.  are  higher  than  the 
data  taken  on  the  inner  two  rows. 

4JI.3  Characteristics  of  Pressure  Signals 

Samples  of  wall  pressure  histories  for  six  transducers  in  the  upstream  region  for  a  =  24 
d^.  and  the  corresponding  probability  density  distributions  (PDDs)  and  power  spectral  densities 
(PSDs)  are  shown  in  Figure  S3.  The  latter  are  calculated  from  256  records  of  1024  points.  The 
sample  time-histories  are  plotted  on  the  same  scale  in  all  cases  so  that  direct,  visual  comparison 
of  the  fluctuating  levels  through  the  interaction  can  be  made.  The  location  of  the  transducers 
in  the  surface  flow  visualization  pattern  is  shown  in  Figure  54.  The  spectral  coefficients  are 
multiplied  by  the  frequency  and  normalized  by  the  total  variance  of  the  signal  so  that  the  area 
under  the  curve  is  unity.  The  basic  trends  seen  in  these  time  histories,  PDDs,  and  PSDs  for  a 
~  24  deg.  are  common  to  all  other  fin  angles.  Hence,  the  24  degree  data  will  be  used  as  an 
example  to  demonstrate  the  trends  seen  in  the  upstream  region. 

Results  from  a  transducer  in  the  incoming  undisturbed  boundary  layer  are  shown  in 
Figure  53a.  The  wall  pressure  exhibits  high  frequency,  very  small  amplitude  fluctuations,  the 
PDD  is  essentially  normally  distributed,  and  the  PSD  shows  that  the  domiront  frequencies  aie 
high  as  would  be  expected  for  the  incoming  boundary  layer  (i.e.  H^lh  *  50  kHz).  Data  from 
a  transducer  located  in  the  initial  compression  region  are  shown  in  Figure  53b.  The  time  history 
shows  a  few  small  amplitude,  one  sided  pulses  when  the  separation  shock  foot  crosses  the 
transducer.  Although  the  intermittent  nature  of  the  signal  is  not  very  evident  from  the  time 
history,  the  slightly  skewed  PDD  is  characteristic  of  a  translating  shock  wave  with  a  low 
intermittency.  Also,  the  obvious  shift  in  power  to  lower  frequencies  shown  by  the  PSD  is 
characteristic  of  a  signal  that  is  weakly  intermittent.  The  data  from  the  third  transducer,  located 
between  the  upstream  influence  and  separation  lines  as  seen  in  Figure  54,  are  shown  in  Figure 
S3c.  The  data  are  now  easily  recognized  as  being  intermittent.  The  PDD  is  now  more  skewed 
and  the  PSD  has  a  clearly  defined  center  frequency  around  5  kHz.  Figure  53d  is  based  on  data 
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from  the  fourth  transducer  which  is  just  downstream  of  separation  in  the  surface  flow 
visualization.  Upon  visual  inspection  the  pressure  peaks  in  the  raw  pressure  signal  occur  at 
approximately  the  same  time  as  the  pressure  peaks  on  the  previous  two  transducers.  Because 
a  well  defined  undisturbed  boundary  layer  pressure  level  is  not  evident  in  the  time  history,  it  is 
unclear  if  this  transducer  is  in  the  intermittent  region,  llie  FDD  is  slightly  skewed  to  the  left 
and  the  PSD  still  shows  dominant  frequencies  around  5  kHz  which  would  seem  to  indicate  that 
the  signal  is  still  intermittent,  however,  probably  very  near  100  percent  intermittency.  The  fifth 
and  sixth  plots  on  Figure  S3  show  the  results  from  the  transducers  in  the  separated  region.  The 
PDDs  for  both  channels  are  Gaussian,  which  is  characteristic  of  separated  flow,  and  the  PSDs 
show  a  shift  toward  the  higher  frequencies  associated  with  turbulent,  rather  than  shock  induced, 
fluctuations. 

4.2.4  Intermittency 

One  of  the  primary  questions  addressed  by  this  study  was  "Does  the  separation  shock 
motion  exhibit  a  transition  from  a  translating,  intermittent  type  motion  to  a  quasi-steady, 
shuddering  type  motion,  or  does  it  remain  the  same  for  all  sweepback  angles?”  The  intermittent 
character  of  the  fluctuating  wall  pressure  signal  was  clearly  evident  in  Figure  53c  and  could  be 
discerned  in  Figures  53b.  For  all  fin  angles  there  were  typically  between  two  and  three 
intermittent  channels  in  the  interaction.  At  this  point  the  intermittency  of  the  wall  pressure 
signals  as  the  angle  of  attack  is  increased  will  be  examined. 

Samples  of  the  instantaneous  wall  pressure  signals  on  the  first  intermittent  channel  in  the 
interaction  for  a  =  16,  20,  24,  and  28  deg.  are  shown  in  Figure  55.  The  corresponding  PDDs 
and  PSDs  are  also  shown.  The  intermittent  character  of  the  signals  is  evident  from  visual 
inspection  of  the  signals.  The  skewed  PDDs  are  also  characteristic  of  an  intermittent  signal. 
For  a  =  20  and  28  deg.  the  PSDs  show  the  distinct  shift  to  lower  frequencies.  For  the  16  and 
24  degree  cases  the  intermittency  is  lower  and  the  evolution  of  the  PSD  from  undisturbed 
boundary  layer  shape  to  the  intermittent  shape  may  be  seen. 

Samples  of  the  wall  pressure  signals,  PDDs,  and  PSDs  for  the  second  intermittent 
channel  for  a  =  16,  20,  24,  and  28  deg.  are  shown  in  Figure  56.  In  this  case  all  the  time 
histories  are  clearly  intermittent  and  the  corresponding  PDDs  are  highly  skewed.  The  PSDs  are 


41 


all  centered  at  the  same  low  frequency  (  •  5  kHz).  This  is  because  this  second  channel  is  well 
within  the  intermittent  region  for  all  angles  and  the  dominant  contributor  to  the  power  of  the 
signal  is  the  motion  of  the  separation  shock  wave. 

Intermittencies  and  zero  crossing  frequencies  are  shown  in  Figures  57  and  58.  Because 
of  the  small  scale  of  the  intermittent  region,  the  data  set  is  necessarily  sparse.  Note,  however, 
that  the  calculated  zero-crossing  frequency  of  between  3  and  4  kHz  corresponds  reasonably  well 
witii  the  dominant  frequency  of  the  intermittent  PSDs  described  earlier.  It  is  evident  from 
Figures  57  and  58,  as  suggested  by  the  time-histories  discussed  earlier,  that  the  intermittent 
r^on  is  very  small.  If  measurements  were  made  at  a  greater  radial  distance  from  the  fin 
leading  edge  the  intermittent  region  would  presumably  be  larger  since  the  quasi-conical  nature 
of  the  interaction  in  the  farfield  means  that  the  interaction  size  grows  linearly  with  distance  from 
the  virtual  conical  origin.  However,  in  this  study  the  transducers  were  located  as  far  from  the 
leading  edge  as  possible  without  encountering  interference  from  the  sidewall  interaction  produced 
by  the  inviscid  shock  and  the  tunnel  sidewall  boundary  layer.  Hence,  although  the  results  show 
the  fluctuating  wall  pressure  signal  is  indeed  intermittent,  the  length  of  the  intermittent  region 
is  too  small  to  obtain  detailed  distributions  of  the  intermittency  and  zero  crossing  frequency 
through  the  interaction. 

It  is  possible,  however,  to  examine  the  increasingly  intermittent  nature  of  the  fluctuating 
wall  pressure  by  examining  the  skewness  coefficient  as  a  function  of  the  fin  angle  of  attack.  The 
maximum  skewness  coefficient,  which  occurs  just  downstream  of  the  upstream  influence  line, 
is  plotted  as  a  function  of  the  inviscid  shock  angle  in  Figure  59.  It  can  be  seen  that  as  the 
interaction  sweep  decreases,  i.e.,  the  shock  angle  increases,  the  maximum  skewness  increases. 
This  increase  is  caused  by  the  steepening  pressure  gradient  behind  the  separation  shock  as  the 
fin  angle  is  increased.  For  low  fin  angles,  such  as  16  and  18  degrees  that  generate  relatively 
weak  interactions,  the  pressure  downstream  of  the  separation  shock  is  not  much  higher  than  the 
pressure  in  the  undisturbed  boundary  layer  and  the  PDDs  are  only  slightly  skewed.  In  contrast, 
the  higher  fin  angles  which  produce  stronger  interactions  have  a  higher  pressure  behind  the 
separation  shock  and  the  resulting  PDDs  are  significantly  skewed. 
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4.3  Conical  Nature  of  the  Mean  Wall  Pressure  Field  and  Higher  Order  Moments 

As  discussed  in  Chapter  2,  the  surface  flowfield  features  of  sharp  Hn  generated 
interactions  have  been  shown  to  evolve  quasi-conically  in  the  farfield.  Once  the  location  of  die 
VCO  has  been  determined,  the  angular  coordinates  of  surface  features  may  be  calculated.  The 
VCO  locations  along  the  inviscid  shock  trace  upstream  of  the  fin  leading  edge,  as  determined 
by  the  intersection  of  the  inviscid  shock  trace  and  the  asymptote  to  the  separation  line  in  die 
farfield,  were  given  in  Table  S.  Two  other  methods  were  also  used  to  determine  the  VCO 
location.  The  first,  a  numerical  method  which  made  use  of  the  mean  wall  pressure  distributions, 
was  not  very  successful  due  to  scatter  in  the  data.  The  second  method,  a  variation  of  the 
graphical  method  used  to  determine  the  VCO  distances  in  Section  4.2,  produced  consistent 
results  with  the  same  trends  seen  in  earlier  work. 

The  numerical  method  for  finding  the  VCO  position  involved  collapsing  two  mean  wall 
pressure  distributions  measured  at  different  spanwise  positions.  Since  the  mean  wall  pressure 
is  known  to  be  quasi-conically  symmetric  in  the  farfield,  the  VCO  can  be  located  by 
determining  the  VCO  position  that  optimizes  the  collapse  of  the  wall  pressure  distributions. 
However,  because  the  measured  mean  pressures  were  always  within  the  lowest  5-10%  of  flic 
pressure  range  of  the  transducers  used,  there  was  considerable  scatter  in  the  data,  as  explained 
earlier.  Thus,  although  a  reasonable  collapse  of  the  distributions  could  be  obtained  (as  will  be 
shown  later),  this  particular  method  did  not  generate  realistic  predictions  of  the  VCO  location. 

The  second  method  used  the  surface  flow  visualization  and  the  measured  rms 
distributions.  Because  the  maximum  rms  in  the  initial  compression  region  occurs  close  to  the 
separation  line,  the  transducer  reading  the  peak  rms  value  can  be  considered  as  lying  along  a  ray 
which  is  approximately  at  the  conical  angle  of  the  separation  line  in  the  flowfield.  From 
geometry  the  distance  from  this  transducer  to  the  trace  of  the  inviscid  shock  may  be  determined. 
By  dividing  this  distance  by  the  tangent  of  the  difference  in  the  angles  of  the  separation  line  and 
inviscid  shock,  the  distance  from  the  survey  line  to  the  VCO  may  be  calculated.  Finally,  by 
subtracting  the  distance  between  the  fin  leading  edge  and  the  survey  line,  the  distance  from  the 
leading  edge  of  the  fin  to  the  VCO  may  be  determined.  Using  this  method,  referred  to  in  Table 
7  as  the  ”Two-Point  Method,"  the  VCO  position  was  calculated  for  all  fin  angles,  although  for 
some  cases  the  fact  that  the  survey  line  was  in  the  inception  region  led  to  underpredicted  VCO 


positions.  The  results  of  all  three  methods  are  listed  in  Table  7.  A  dashed  line  in  Table  7 
denotes  that  a  VCO  position  could  not  be  determined  for  the  given  fin  angle. 


Table  7.  Location  of  Virtual  Conical  Origin  along  Inviscid  Shock  Trace  Ahead  of  Fin 

Leading  Edge 


Fin  Angle  (deg) 

Graphical  Method 
(in) 

Numerical  Method 
(in) 

Two-Point  Method 
(in) 

16 

.  -  -  - 

.... 

3.69 

18 

1.9 

— 

1.54 

20 

2.05 

0.7 

1.74 

22 

1.63 

.  .  - . 

1.66 

24 

1.48 

0.8 

1.22 

26 

1.2 

— 

0.84 

28 

0.81 

1.5 

0.65 

As  seen  in  Table  7  above,  both  the  magnitude  and  the  trends  in  the  results  of  the 
numerical  method  are  in  disagreement  with  the  results  of  the  graphical  and  two-point  methods. 
The  trends  in  the  results  of  the  graphical  and  two-point  methods  agree  with  the  trends  seen  in 
the  results  of  other  investigators. In  light  of  the  discussion  of  the  physics  behind  the  location 
of  the  VCO  in  Chapter  2,  the  trend  observed  in  the  numerical  method  of  increasing  VCO 
distance  from  the  fm  leading  edge  as  the  fin  angle  is  increased  is  not  logical.  The  only 
ccmclusion  that  may  be  made  is  that  the  numerical  method  is  not  reliable.  In  contrast,  the  results 
of  the  two-point  and  graphical  methods  agree  well  with  each  other  and  follow  the  trend  in  VCO 
position  observed  by  other  investigators.  It  should  be  noted,  however,  that  the  two-point  and 
grsq)hi(»l  methods  are  not  completely  independent.  The  conical  angle  of  the  separation  line  used 
in  the  two-point  method  is  the  average  angle  of  the  asymptote  to  the  separation  line  used  to 
determine  the  VCO  position  graphically.  Although  both  the  graphical  and  two-point  methods 
give  physically  reasonable  results,  the  wide  use  of  the  graphical  method  in  the  literature  makes 
the  results  of  that  method  the  better  choice  for  examining  the  conical  collapse  of  the  flow 
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properties. 

The  mean  pressure  distributions  in  conical  coordinates  for  a  =  20,  24,  and  28  deg.  are 
shown  in  Figure  60.  As  stated  above,  the  virtual  conical  origins  are  those  determined 
graphically.  The  location  of  separation,  determined  from  surface  flow  visualization,  and  the 
theoretical  inviscid  shock  location  are  noted  on  the  figure  as  "S"  and  "fig",  respectively.  The 
quasi-conical  nature  of  the  mean  pressure  distributions  is  quite  evident  by  comparing  Figure  60 
with  Figure  47  which  shows  the  same  data  plotted  versus  distance  normal  to  the  inviscid  shock 
trace.  At  a  given  fin  angle,  data  at  different  radial  distances  from  the  virtual  conical  origin  and 
with  different  physical  dimensions  collapse  on  what  is  essentially,  given  the  unavoidable  scatter 
in  the  data,  a  single  curve. 

The  wall  pressure  standard  deviation  and  the  wall  pressure  standard  deviation  normalized 
by  the  mean  wall  pressure  are  plotted  in  conical  coordinates  in  Figures  61  and  62.  The  VCOs 
are  the  same  as  those  used  in  Figure  60.  These  figures  answer  one  of  the  primary  questions 
raised  in  the  Introduction:  "Does  the  standard  deviation  of  the  fluctuating  wall  pressure  exhibit 
quasi-conical  symmetry?”  The  distributions  are  not  identical  at  both  radial  locations,  but,  for 
engineering  purposes,  little  error  would  be  incurred  if  the  standard  deviation  distributions  are 
considered  quasi-conically  symmetric.  Note  that  the  data  for  a  =  28  deg.  shows  a  very  good 
collapse  for  rms  values  measured  on  the  two  inner  ^)anwise  rows,  A  and  B.  The  rms  levels  (m 
the  outer  spanwise  row,  C,  are  higher  than  the  rms  levels  on  the  inner  rows,  probably  due  to 
the  sidewall  interaction  and  not  the  28  degree  fin  interaction.  This  should  be  taken  into  account 
by  the  reader  in  the  consideration  of  quasi-conical  symmetry. 

Quasi-conical  symmetry  is  also  present  in  the  distributions  of  such  sensitive  parameters 
as  the  higher  order  moments  (skewness  and  flatness  coefficients)  which  are  shown  in  Figures 
63  and  64  for  the  a  =  24  and  28  deg.  interactions.  Variations  in  magnitude  at  the  locations  of 
peaks  in  the  distribution  are  due  to  slight  differences  in  transducer  location  within  die 
interaction.  For  the  28  degree  interaction  the  first  six  data  points  on  the  outer  row,  C,  have  not 
been  plotted  since  the  interference  from  the  sidewall  interaction  significantly  alters  the  higher 
order  moments. 
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4.4  Effect  of  Sweep  on  the  Flowfield 

Having  shown  that  the  mean  and  fluctuating  wall  pressure  fields  are  quasi-conical  in  the 
sharp  fin  generated  interaction,  the  next  question  to  be  addressed  is  "What  effect  does  the 
flowfidd  sweep  have  on  the  interaction?”  In  this  section  three  aspects  of  the  change  in  flowfield 
characteristics  vdth  changing  sweep  will  be  discussed.  First,  two-  and  three-dimensional 
interactions  under  identical  incoming  flow  conditions  will  be  compared  and  contrasted,  followed 
by  a  discussion  of  the  effect  of  small  changes  in  sweep.  Finally,  it  will  be  shown  that  the  sweep 
of  the  interaction  is  the  determining  factor  affecting  the  maximum  rms  in  the  upstream  region 
of  the  interaction. 

4.4.1  Comparison  of  Two  and  Three-Dimensional  Interactions 

In  this  section,  the  28  deg.  unswept  compression  ramp  data  of  Erengil*’  are  compared 
with  the  28  deg.  fin  data  of  the  current  study.  Both  studies  were  made  in  the  same  facility  under 
practically  identical  conditions  and  the  inviscid  pressure  rise  of  both  interactions  is  the  same. 

The  rms  distributions  for  the  unswept  compression  ramp  and  fin  are  shown  in  Figures 
10  and  49,  respectively.  The  first  obvious  difference  in  the  two  distributions  is  that  the 
maximum  rms  level  in  the  intermittent  region  for  the  unswept  interaction  is  approximately  twice 
that  of  the  swept  interaction.  This  difference  in  rms  levels  between  2-D  and  3-D  interactions 
of  the  same  inviscid  strength  was  also  noted  by  Tran,  as  was  the  fact  that  the  physical  scales  of 
the  same  "regions"  of  the  interaction  for  both  cases  are  different.  For  example,  the  unswept 
interaction  has  an  intermittent  region  approximately  l.S  boundary  layer  thicknesses  in  length 
while  the  swept  interaction  has  an  intermittent  region  about  a  third  of  that  length.  Of  course, 
it  should  be  pointed  out  that  the  unswept  flowfield  has  an  essentially  constant  scale  intermittent 
r^ion  due  to  the  two-dimensionality  of  the  interaction  while  the  swept  interaction  grows 
approximately  linearly  in  the  farfield  with  distance  from  the  fin  leading  edge.  Finally,  the  rms 
distributions  show  that  the  maximum  standard  deviation  occurs  at  different  intermittencies  in  the 
swept  and  unswept  interactions.  In  the  unswept  interaction  the  maximum  rms  occurs  upstream 
of  separation  at  an  intermittency  of  80-90%,  with  separation  occurring  after  the  rms  has 
decreased  from  its  maximum  value.  In  contrast,  the  maximum  rms  of  the  sharp  fm  interaction 
occurs  very  near  separation  with  an  intermittency  very  close  to  100%. 
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PDDs  and  PSDs  at  a  low  intermittency  and  at  maximum  rms  in  the  upstream  region  f(V 
the  compression  ramp  and  sharp  fin  generated  interactions  are  shown  in  Figure  65.  The  PDDs 
at  low  intermittencies  are  similar  indicating  that  the  flowfield  structure  and  dynamics  in  the 
initial  compression  region  are  very  similar  for  both  interactions.  However,  at  maximum  rms 
the  swept  interaction  has  an  approximately  Gaussian  PDD  and  the  unswept  interaction  PDD  is 
clearly  bimodal.  The  PSDs  for  both  interactions  show  that  the  two^imensional  interaction  has 
significantly  lower  dominant  frequencies  than  the  unswept  interaction  at  all  positions  in  the 
intermittent  region.  Thus,  towards  the  downstream  end  of  the  intermittent  region  the  interaction 
structure  is  different  for  unswept  and  swept  interactions.  Although  there  is  no  supporting 
evidence,  in  the  opinion  of  the  author  the  lower  rms  levels  and  diminished  size  of  die 
intermittent  region  in  the  sharp  fin  interaction  are  due  to  the  sweep  of  the  flowfield.  The 
interaction  sweep  provides  an  exit  for  the  fluid  in  the  separated  region  analogous  to  die 
"three-dimensional  relieving  effect”  seen  in  inviscid  shock  theory.  Thus,  the  flow  has  anodier 
dimension  to  move  in  and  the  severity  of  the  interaction  is  diminished. 

4.4.2  Effect  of  Changing  Sweep  on  Separation  Shock  Frequency 

The  changing  sweep  of  the  interaction  does  not  appear  to  affect  the  spectral 
characteristics  of  the  fin  generated  interaction.  The  power  spectral  densities  at  maximum 
standard  deviation  for  fin  angles  of  16,  20,  24,  and  28  degrees  are  shown  in  Figure  66.  The 
sweep  of  the  separation  line  changes  29.5  degrees  over  this  range  of  fin  angles.  The  PSDs  at 
the  position  of  the  maximum  measured  skewness  coefficient  in  the  same  interactions  are  shown 
in  Figure  67.  The  similarity  of  the  PSDs  at  maximum  rms  and  skewness  coefficient  for  all  fin 
angles  indicates  that  very  little,  if  any,  change  in  the  interaction  structure  is  occurring  as  the 
sweep  of  the  interaction  is  changed.  The  magnitude  of  the  fluctuations,  as  determined  by  the 
rms,  increases  as  the  sweep  angle  is  decreased  but,  since  the  PSDs  are  normalized  by  the 
variance  of  the  signal,  the  change  of  fluctuation  magnitude  is  not  reflected  in  the  PSDs. 

The  spectral  characteristics  of  the  interaction  appear  to  be  relatively  constant  over  the 
range  of  highly  swept  interactions  examined  in  this  study.  Therefore,  the  change  in  tlw 
interaction  frequency  content,  from  the  low  frequency  dominated  fluctuations  of  the  unswqit 
interactions  to  the  higher  frequency  content  of  the  highly  swept  interactions,  must  occur  in  the 
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range  of  interactions  with  relatively  low  sweep  angles. 


4.4.3  Effect  of  Sweep  on  Maximum  RMS  Values  and  Intermittency 

It  was  previously  demonstrated,  via  Figures  SO  and  52,  that  the  maximum  rms  near 
sqxuation  increases  with  the  fin  angle.  Because  the  sweep  of  the  interaction  decreases  and 
simultaneously  the  strength  of  the  interaction  increases  as  the  fin  angle  is  increased,  it  is  not 
readily  apparent  which  parameter  causes  the  change  in  the  standard  deviation.  The  effects  of 
sweq)  and  inviscid  pressure  rise  could  be  decoupled  if  data  were  available  for  which  the  sweep 
of  the  interaction  was  the  same  but  the  inviscid  pressure  rise  was  different,  and  vice  versa. 
Fortunately,  the  swept  compression  ramp  data  of  ErengiP  have  recently  become  available  and 
have  been  compared  with  the  data  of  the  present  study.  Both  studies  were  made  under 
practically  identical  flowfield  conditions;  hence,  the  only  difference  in  the  two  studies  is  the 
geometry  of  the  shock  generator.  For  a  given  comer  line  sweq)  angle  the  inviscid  pressure  rise 
goierated  by  the  swept  compression  ramp  is  different  than  that  generated  by  a  sharp  unswept 
fin  at  the  same  angle.  This  is  due  to  the  inclined  face  of  the  compression  ramp.  Erengil’s  swept 
compression  ramps  had  a  constant  streamwise  angle  of  28  deg.  and  sweepback  angles  ranging 
from  0  to  SO  deg. 

The  maximum  standard  deviation  as  a  function  of  the  overall  inviscid  pressure  ratio  for 
both  data  sets  is  shown  in  Figure  68.  Inviscid  pressure  ratios  for  the  swept  compression  ramps 
wm  calculated  using  the  Mach  number  and  deflection  angle  normal  to  the  swept  face  of  the 
ramp.  No  pressure  ratio  for  the  ramp  with  SO  deg.  sweep  was  calculated  because  the  shock  was 
not  attached  to  the  ramp  comer  line.  From  inspection  of  Figure  68  it  is  clear  that  the  maximum 
rms  does  not  correlate  with  the  inviscid  pressure  rise.  Each  geometry  has  an  approximately 
linear  increase  in  rms  with  increasing  inviscid  pressure  ratio  but  with  very  different  slopes. 
Thus  the  rms  level  is  a  function  of  local  flowfield  structure  and  not  overall  inviscid  pressure 
rise. 

The  maximum  rms  for  the  interactions  generated  by  both  geometries  as  a  function  of 
sq)aration  line  sweep  angle  is  plotted  in  Figure  69.  The  smooth  trend  in  the  data  indicates  that, 
for  fixed  incoming  flow  conditions,  the  maximum  rms  is  a  function  of  interaction  sweep.  This 
conclusion  agrees  well  with  the  findings  of  previous  studies  which  indicated  that  the  stmctures 
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within  the  interaction  increased  in  intensity  with  increasing  normal  Mach  number.  The  normal 
Mach  number  can  be  considered  to  be  a  measure  of  the  sweep  of  the  interaction. 

Similar  to  maximum  standard  deviation,  the  maximum  skewness  coefficient  measured  in 
the  interaction  also  scales  with  the  sweep  angle  of  the  separation  line.  This  is  shown  in  Figure 
70  for  the  data  of  Erengil  and  the  current  study.  The  scatter  in  Figure  70  is  due  to  the  fact  that 
the  finite  transducer  spatial  resolution  limits  the  ability  to  resolve  the  exact  value  of  the  peak 
skewness  coefficient.  The  maximum  skewness  coefficient  in  the  intermittent  region  may  be 
used  as  a  measure  of  the  iruermittent  intensity  of  the  interaction.  As  the  pressure  rise  across  the 
separation  shock  increases,  the  difference  between  the  most  probable  (undisturbed  boundary 
layer)  pressure  and  the  mean  pressure  increases.  As  a  result  the  skewness  coefficient  also 
increases.  Figure  70  shows  that  the  intermittent  intensity  (the  relative  magnitude  of  die 
intermittent  characteristics)  scales  with  the  sweep  of  the  interaction. 

4.5  Comparison  with  other  Sharp  Fin  Experiments 

One  of  the  primary  goals  of  this  study  was  to  determine  the  type  of  motion  of  the 
compression  system  upstream  of  separation,  and,  if  possible,  to  explain  and  understand  the 
results  of  Tran  and  Gibson  in  a  common  reference  frame.  The  results  of  the  current  expeiimoit 
clearly  show  that  the  interaction  produces  an  intermittent  separation  shock  wave  for  fin  angles 
above  16  degrees.  The  questions  that  remain  are  therefore,  "Why  didn’t  Gibson  observe  the 
intermittency  of  the  wall  pressure  signals?"  and  "Are  Tran’s  results  consistent  with  those  of  the 
current  study?"  The  answers  to  these  questions  will  be  discussed  in  the  following  section. 

Tran’s  results  at  Mach  3  indicated  that  the  intermittent  character  of  the  wall  pressure 
signal  was  first  observable  around  a  =  12  deg.,  and  that  for  a  ^  12  deg.  the  intermittent 
characteristics  of  the  signal  increased  in  intensity  as  the  fm  angle  was  increased.  When  viewed 
in  the  larger  framework  which  includes  the  current  study,  Tran’s  results  appear  to  be  consistent 
with  the  current  data.  Although  Tran  did  not  observe  any  intermittent  characteristics  for  a  « 
10  deg.,  a  plausible  argument  why  this  was  the  case  may  be  made  using  the  results  of  the 
current  study. 

In  Section  4.4  the  intermittent  intensity  was  shown  to  scale  with  the  sweep  of  tte 
interaction.  Figure  71  shows  the  distribution  of  skewness  coefficients  as  a  function  of  local 
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conical  angle  for  the  a  =  16,  20,  24,  and  28  deg.  interactions  of  the  current  study.  At  a  =  16 
d^.  the  skewness  of  the  wall  pressure  signal  and  the  size  of  the  intermittent  region  have  both 
become  relatively  small.  The  sweep  of  the  inviscid  shock  at  a  =  16  deg.  is  between  the  sweep 
angles  of  Tran’s  10  and  12  deg.  interactions.  Coupled  with  the  fact  that  Tran’s  interactions  were 
significantly  weaker  than  the  interactions  of  the  current  study,  it  is  plausible  that  the  intermittent 
characteristics  in  Tran’s  interaction  had  not  developed  or  were  too  small  to  be  observed  for 
Tran’s  a  =  10  deg.  interaction. 

The  fact  that  Gibson  did  not  observe  intermittent  wall  pressures  in  his  Mach  S 
interactions  can  probably  be  attributed  to  a  resolution  problem  with  his  instrumentation. 
Gibson’s  and  the  current  study  were  made  in  the  same  facility  with  the  same  freestream 
conditions.  The  only  difference  in  the  two  studies  was  that  Gibson’s  was  made  on  a  flat  plate 
with  a  boundary  layer  thickness  of  approximately  0.28  inches,  while  the  current  study  was  made 
oa  the  tunnel  floor  with  a  boundary  layer  thickness  of  0.S9  inches.  Both  studies  used  the  same 
transducer  spacing,  0. 1 15  inches.  Thus,  Gibson’s  ratio  of  transducer  spacing  to  boundary  layer 
thickness  was  about  0.4  while  the  current  study  had  a  ratio  of  about  0.2.  Although  the  exact 
relation  between  boundary  layer  thickness  and  the  intermittent  region  length  scale  is  not  known, 
it  can  be  speculated  that  the  latter  should  be  determined  to  some  extent  by  the  boundary  layer 
thickness.  Section  2.1.  discussed  the  inception  region  and  the  fact  that  the  incoming  boundary 
layer  imposes  a  dimension  on  the  flow  which  is  the  inception  length.  The  inception  length  in 
turn  affects  the  position  of  the  VCO.  Thus,  when  compared  to  the  current  study,  Gibson’s 
thinner  boundary  layer  would  result  in  a  VCO  closer  to  the  fin  leading  edge.  Since  Gibson’s 
transducer  locations  were  at  approximately  the  same  distance  from  the  fin  leading  edge  as  the 
transducers  in  the  current  study,  then  in  a  conical  reference  frame  Gibson’s  transducer  spacing 
would  span  a  greater  angular  increment  than  the  transducer  spacing  in  the  current  study.  Figure 
72,  which  shows  the  skewness  coefficient  distributions  for  both  studies  for  a  =  18  deg., 
stqiports  this  conclusion.  The  conical  coordinates  for  the  distributions  are  different  because 
Gibson  did  not  have  surface  flow  visualization  results  for  a  =  18  deg.  and  had  to  use  the 
empirical  data  of  Lu  and  Settles'"  to  predict  his  VCO  location.  The  scatter  in  Lu  and  Settles 
data,  as  well  as  the  fact  that  Gibson  had  to  extrapolate  the  correlation  to  Mach  S,  make  the 
location  of  Gibson’s  VCO  questionable.  Regardless  of  the  exact  conical  coordinates,  both 
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distributions  show  a  peak  in  skewness  near  the  upstream  region  of  the  interaction.  The  peak  in 
Gibson’s  skewness  coefficient  distribution  indicates  that  the  pressure  signals  were  intermittent 
However,  the  lower  values  of  the  skewness  coefficient  in  Gibson’s  interaction  as  well  as  the 
smooth  trend  of  the  data  indicates  that  Gibson’s  transducers  and/or  spacing  were  probably  too 
large  for  the  interaction.  Thus,  it  can  be  hypothesized  with  some  measure  of  confidence  that 
Gibson’s  pressure  time-histories  did  not  show  any  intermittent  characteristics  because  the 
transducers  were  too  far  apart  and  too  large  when  compared  to  the  spatial  extoit  of  the  pressure 
gradient  in  the  interaction. 

4.6  Spectral  Characteristics  Through  the  Interaction 

To  the  knowledge  of  the  author,  the  current  study  is  the  first  to  make  fluctuating  wall 
pressure  measurements  from  the  upstream  influence  line  to  near  the  surface  of  the  fin.  The 
spectral  characteristics  of  the  wall  pressure  signals  under  the  separated  region  and  near  the  fin 
surface  are  of  interest  because  they  may  reveal  what  is  happening  in  the  flowfield  above  the 
wall.  For  the  range  of  interactions  studied  (a  =  16-28  deg.)  the  PSDs  exhibited  the  same  trends 
in  all  the  interactions.  Hence,  the  outer  row  data  for  the  a  =  24  deg.  interaction  wiU  be  used 
as  an  example  to  describe  the  general  trends  within  the  interactions. 

PSDs  from  the  undisturbed  boundary  layer  through  to  the  fin  surface  for  the  a  =  24 
deg.  interaction  are  shown  in  Figure  73.  The  shift  of  power  from  the  high  frequencies 
associated  with  the  incoming  turbulence  to  the  lower  frequencies  associated  with  the  shock 
motion  in  the  intermittent  region  was  discussed  in  an  earlier  section.  Downstream  of  separation, 
the  power  in  the  signal  shifts  again  to  the  higher  frequencies  associated  with  turbulent 
fluctuations.  In  the  separated  region  the  PSDs  assume  an  approximately  constant  shape  with  the 
center  frequency  between  10  and  20  kHz.  Moving  further  downstream,  the  PSDs  show  another 
shift  to  lower  frequencies  just  upstream  of  the  inviscid  shock  location.  The  power  in  the  signal 
shifts  slightly  down  to  a  lower  center  frequency  of  about  10  kHz  and  the  very  low  frequencies 
on  the  order  of  100  Hz  show  a  significant  increase  in  power.  Finally,  between  the  inviscid 
shock  and  the  fin  surface,  the  dominant  frequencies  in  the  pressure  signal  increase  to  a  center 
frequency  between  IS  and  20  kHz.  In  this  region  the  PSDs  strongly  resemble  the  PSDs  further 
upstream  in  the  separated  region  with  the  only  difference  being  that  there  is  less  power  in  the 
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5-10  kHz  range  near  the  face  of  the  fin. 

By  comparing  Figure  73  with  the  Alvi  and  Settles  flowfield  model,  the  frequency  content 
of  the  wall  pressure  fluctuations  may  be  seen  to  correlate  with  some  of  the  structures  in  the 
flowfield.  In  the  intermittent  region  the  dominant  low  frequencies  of  the  interaction  are  due  to 
the  unsteady  motion  of  the  separation  shock.  Moving  further  downstream  in  the  interaction 
cros^lane,  there  are  no  flow  features  in  the  Alvi  and  Settles  model  between  the  separation  shock 
and  the  inviscid  shock.  Hence,  the  center  frequency  between  10  and  20  kHz  in  the  separated 
rogicm  must  be  due  to  turbulent  fluctuations  in  the  separated  boundary  layer  or  the  motion  of  the 
vortex  beneath  the  separation  bubble.  Just  upstream  of  the  inviscid  shock  Alvi  and  Settles  note 
the  appearance  of  a  "shocklet”  in  the  reverse  flow  near  the  wall  at  an  interaction  normal  Mach 
number  of  2.4S.  The  normal  Mach  number  for  the  Mach  5,  a  =  24  deg.  interaction  is  about 
2.8  and  thus,  should  also  have  supersonic  reverse  flow.  The  PSDs  in  Figure  73  just  upstream 
of  the  inviscid  shock  location  show  a  slight  shift  in  power  to  lower  frequencies.  This  shift  is 
probably  due  to  the  motion  of  the  "shocklet"  in  the  supersonic  reverse  flow.  Finally,  the  Alvi 
and  Settles  flowfield  model  shows  that  the  majority  of  the  changes  in  flowfield  occur  after  the 
inviscid  shock.  However,  the  PSDs  in  Figure  73  only  show  a  shift  in  power  back  to  a  center 
frequency  between  IS  and  20  kHz.  Either  the  impinging  jet  and  comer  vortex  do  not 
significantly  affect  the  frequency  of  the  wall  pressure  fluctuations  or,  more  likely,  the  spatial 
resolution  and  proximity  of  transducers  to  the  fin  were  not  adequate  to  observe  the  effects  of  the 
impinging  jet  and  comer  vortex. 

4.7  Influence  of  Incoming  Boundary  Layer  Thickness  on  Compression  System  Frequencies 

The  effect  of  the  incoming  boundary  layer  on  the  sharp  fin  induced  shock  wave/turbulent 
boundary  layer  interaction  may  be  examined  by  comparing  the  results  of  Gibson*  with  the 
current  study.  The  power  spectral  densities  at  maximum  wall  pressure  standard  deviation  for 
the  18  degree  sharp  fin  interactions  of  Gibson  and  the  current  study  are  shown  in  Figure  74. 
While  the  power  in  the  signal  of  the  current  study  is  centered  around  5  kHz,  the  power  in  the 
fluctuations  of  Gibsons  interaction  is  centered  at  a  higher  frequency,  around  8  to  10  kHz. 
Gibson  made  fluctuating  wall  pressure  measurements  in  the  same  facility  as  the  current  study 
with  the  only  difference  in  the  two  experiments  being  that  Gibson  mounted  the  fin  on  a  plate  in 
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the  center  of  the  test  section  and  in  the  current  study  the  fm  was  mounted  on  the  floor  of  the  test 
section.  Hence,  the  only  difference  in  the  two  experiments  is  the  incoming  boundary  layer 
thickness.  The  boundary  layer  on  the  floor  of  the  test  section,  as  discussed  in  Chapter  3,  is 
approximately  1.51  cm  thick.  Gibson’s  boundary  layer  on  the  plate  was  only  about  40  pocent 
as  thick  as  the  floor  boundary  layer. 

Originally,  Gibson  quoted  a  boundary  layer  thickness  of  0.62  cm  at  a  location  about  3 
inches  ahead  of  his  instrumentation  plug  and  1  1/2  inches  off  the  tunnel  centerline.  Gibscm’s 
boundary  layer  survey  was  made  18.9  inches  from  the  plate  leading  edge  while  his 
instrumentation  plug  was  centered  22.1  inches  from  the  plate  leading  edge.  Assuming  a  linear 
boundary  layer  growth  rate  of  about  one  hundredth  of  an  inch  per  inch,  the  incoming  boundary 
layer  thickness  over  Gibson's  instrumentation  plug  may  be  estimated  to  be  about  0.72  cm. 

Figure  75  shows  the  same  power  spectral  densities  plotted  in  Figure  74  only  now  the 
power  in  the  signal  is  plotted  as  a  function  of  the  Strouhal  number.  The  Strouhal  number  for 
these  cases  has  been  determined  by  dividing  the  frequency  by  the  large  eddy  frequency  of  the 
incoming  boundary  layer.  The  large  eddy  frequency  is  approximated  by  dividing  the  incoming 
freestream  velocity  by  the  incoming  boundary  layer  thickness.  From  Figure  75  it  is  evident  that 
the  center  frequencies  of  both  interactions  seem  to  occur  at  a  Strouhal  number  between  0.08  and 
0.1.  Figure  76  is  the  same  as  Figure  75  only  now  Tran’s  PSD  at  maximum  standard  deviation 
has  been  roughly  sketched  into  the  figure.  From  Figure  76  it  appears  that  Tran’s  center 
frequency  is  not  at  the  same  Strouhal  number.  This  may  indicate  a  Mach  number  dependence 
on  the  center  frequency  of  the  PSDs. 

4.8  Attempts  to  Correlate  Peak  RMS  with  the  Flow  Variables 

A  useful  design  tool  would  be  a  correlation  that  relates  the  maximum  standard  deviation 
in  the  intermittent  region  to  the  appropriate  combination  of  flowfield  variables.  Using  the  Mach 
3  data  of  Tran  and  the  Mach  5  swept  compression  ramp  data  of  ErengiP  as  well  as  the  data  of 
the  current  study,  several  attempts  have  been  made  to  develop  a  correlation  for  maximum 
standard  deviation  in  the  intermittent  region.  Because  Tran  did  not  attempt  to  analyze  his  results 
in  conical  coordinates  and  did  not  report  any  VCO  data,  the  conical  coordinates  of  Tran’s 
surface  flow  features  were  estimated  from  the  dimensions  of  Tran’s  hardware  (quoted  in 
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Reference  2)  and  the  VCO  data  of  Lu  and  Settles.'"  Using  this  approach,  Tran’s  upstream 
influence  angles  were  estimated  to  within  3  degrees  of  those  predicted  using  the  correlation  of 
Lu,  Settles,  and  Horstmann.'^ 

As  noted  in  earlier  sections,  the  maximum  standard  deviation  does  not  scale  with  inviscid 
pressure  rise,  but  rather  with  the  sweep  of  the  interaction.  Figure  77  shows  the  maximum  rms 
nonnalized  by  the  freestream  static  pressure  as  a  function  of  the  separation  line  sweep  angle. 
If  scatter  in  the  data  and  the  fact  that  Tran’s  conical  coordinates  have  been  roughly  estimated 
is  talren  into  account,  it  appears  that  the  data  for  both  Mach  numbers  collapse  in  a  smooth  trend. 
Similar  attempts  were  made  by  normalizing  the  maximum  rms  by  the  dynamic  pressure, 
calculated  using  both  the  freestream  and  normal  Mach  numbers.  As  shown  in  Figures  78  and 
79,  neither  approach  collapsed  the  data. 
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5.  Conclusions 


Fluctuating  wall  pressure  measurements  have  been  made  beneath  the  Mach  5  ^lodc 
wave/turbulent  boundary  layer  interactions  generated  by  sharp,  unswept  fins  at  angles  of  attack 
of  16,  18,  20,  2,  24,  26,  and  28  degrees.  The  experiment  was  conducted  at  Mach  S  under 
jq>proximately  adiabatic  wall  temperature  conditions.  Using  standard  time  series  analysis,  die 
current  study  has  attempted  to  answer  several  questions  regarding  the  unsteadiness  of  die 
compression  system  near  sqiaration.  Several  of  these  questions  are  due,  in  part,  to  the 
seemingly  contradictory  results  of  the  only  two  known  previous  studies  of  the  imsteadiness  of 
the  sharp  fin  interaction.  The  results  of  the  current  study  maybe  summarized  as  follows. 

1.  The  conical  angles  of  surface  flow  features  determined  using  the  kerosene-lampblack 
method  agree  with  the  predicted  values  of  the  surface  feature  angles  determined  using  the 
correlations  of  Lu,  Settles,  and  Horstmann,  and  Zheltovodov,  et  al.  Particularly  good 
agreement  is  seen  between  the  experimentally  determined  separation  line  angles  and  die 
correlation  of  Zheltovodov. 

2.  Visual  inspection  and  time-series  analysis  of  the  fluctuating  wall  pressure  signals  between 
the  upstream  influence  and  separation  lines  indicate  that  the  separation  shock  wave  does 
generate  an  intermittent  wall  pressure  signal,  qualitatively  similar  to  that  seen  in  unswqit 
interactions.  This  conclusion  is  supported  by  well  defined  peaks  in  the  rms  distribution 
in  the  intermittent  region,  skewed  probability  density  distributions,  and  the  appearance 
of  large  amplitude,  low  frequency  "pulses*  in  the  fluctuating  wall  pressure  signal. 

3.  Using  the  virtual  conical  origin  determined  from  surface  flow  visualization,  it  can  be 
stated  that  within  engineering  accuracy  both  the  mean  pressure  distributions  and 
distributions  of  the  higher  order  moments  of  the  pressure  signal  collapse  quasi-conically. 

4.  By  comparing  the  results  of  the  current  study  with  the  swept  compression  ramp  results 
of  Erengil,  it  has  been  shown  that  the  maximum  rms  in  the  intermittent  region  correlates 
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with  the  sweep  of  the  interaction  and  not  with  the  inviscid  pressure  rise  as  had  been 
suggested  in  the  earlier  literature.  The  maximum  skewness  coefficient  measured  in  the 
intermittent  region  also  scales  with  the  sweep  of  the  interaction. 

5.  The  earlier  results  of  Tran  and  Gibson  may  now  be  explained  within  a  common 
framework.  The  current  study  shows  the  intermittent  characteristics  of  the  interaction 
are  weak  and  only  just  detectable  as  the  interaction  sweep  angle  increases  beyond  60 
degrees  (i.e. ,  the  shock  angle  decreases  below  30  degrees).  For  interaction  sweep  angles 
greater  than  60  degrees  neither  Tran  nor  Gibson  observed  any  intermittent  characteristics. 
Since  Gibson  did  not  study  any  interactions  with  lower  sweep  angles  and  Tran  observed 
intermittent  characteristics  in  interactions  with  sweeps  less  than  60  degrees,  the  results 
of  Tran  and  Gibson  both  agree  with  the  findings  of  this  study. 

6.  Over  the  relatively  small  range  of  interaction  sweeps  studied  in  this  experiment,  the 
spectral  content  of  the  fluctuating  wall  pressure  is  approximately  constant  at  the  same 
relative  position  in  the  interaction.  Thus,  the  experimentally  observed  change  in  the 
spectral  content  in  the  intermittent  region  from  the  low  frequency  ( •>  1  kHz)  dominated 
spectra  in  unswept  interactions  to  the  high  frequency  ( «•  5  kHz)  spectra  seen  in  swept 
interactions  must  occur  at  lower  interaction  sweeps,  and  is  not  a  continuous  process  with 
increasing  sweep. 

7.  Slight  shifts  to  lower  frequencies  in  the  power  spectra  measured  in  the  separated  region 
near  the  inviscid  shock  trace  may  be  due  to  the  presence  of  "shocklets"  in  the  reverse 
flow  as  seen  by  Alvi  and  Settles  using  conical  shadowgraphy. 

8.  The  power  spectra  at  maximum  rms  near  separation  for  the  a  =  18  degree  interactions 
of  Gibson  and  the  current  experiment  collapse  when  plotted  in  terms  of  a  Strouhal 
number  based  on  freestream  velocity  and  incoming  boundary  layer  thickness.  In 
contrast,  Tran’s  normalized  power  spectra  do  not  collapse  with  those  at  Mach  S, 
suggesting  a  dependence  of  the  interaction  frequencies  on  the  Mach  number. 
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9.  The  maximum  rms  in  the  intermittent  region,  normalized  by  the  freestream  static 
pressure,  measured  under  different  freestream  conditions,  scales  with  the  sqparation 
sweep  angle.  Normalizing  the  maximum  rms  by  dynamic  pressure  does  not  colU^>se  die 
data. 

Although  the  results  of  the  current  study  have  certainly  clarified  some  aspects  of  die 
unsteadiness  of  the  sharp  fin  interaction,  there  are  several  points  which  require  further 
investigation.  Foremost  of  these  is  the  effect  of  the  incoming  boundary  layer  thickness  and 
Mach  number  on  the  unsteadiness  of  the  interaction.  A  larger  database  of  unsteady 
measurements  is  needed  before  any  adequate  conclusions  may  be  reached. 
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Fig.  2.  Spherical/Polar  Coordinate  Fig.  3.  Interaction  Features  and 

System  (Ref.  8)  Nomenclature  (Ref.  8) 


PLS  Image 


Fig.  8.  Shadowgraph,  PLS  Image  and  Flowfield  Map  for 
Mach  4,  a  =  20  deg.  Interaction  (Ref.  1 1  and  15) 
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Fig.  9a.  Wall  Pressure  Signals  in  the  Intermittent  Region  (Ref.  19) 
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Fig.  10.  Distribution  of  Standard  Deviation  of  Wall  Pressure  (Ref.  19) 
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Fig.  11.  Unswept  Compression  Ramp  Data  (Ref.  18) 
Note:  References  in  legend  correspond  to  those  in  Ref.  18 
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Fig.  12.  Probability  Density  Distributions  for  Unswqjt 
Compression  Ramp  Interactions  (Data  of  Ref.  19) 
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Fig.  13.  RMS  distribution  and  PSDs  in  Mach  5  Cylinder  Induced  Intenctioo 
(from  Dolling,  D.S.,  and  Brusniak,  L.,  "Correlation  of  Separation  Shock  Motion 
in  a  Cylinder-Induced  Interaction  with  Pressure  Fluctuations  Under  the  Sqarated 
Region,"  AIAA  paper  91-0650,  AIAA  29th  Aerospace  Sciences  Meeting,  Reno, 
Nevada,  January  IWl.) 
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Fig.  14.  Intermittency  Distribution  (Ref.  19) 
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Fig.  18b.  RMS  Distributions  Normalized  by  Local  Mean  Wall  Pressure  (Ref.  2) 


Pressure  Distributions  for  Various  Shock  Generator  Geometries  (Ref.  2) 
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Fig.  23.  RMS  distributions  in  Conical  Coordinates  (Ref.  5) 
a)  a  =  16  deg.  b)  a  =  18  deg. 
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Frequency  (kHz) 


Fig.  24.  PSDs  along  a  ray  in  the  Compression  Region  (Ref.  5) 
Note:  Middle  and  Outbe^d  Curves  are  Shifted  Upward  0.3 
and  0.6  units,  respectively. 


Fig.  26.  Power  Spectra  for  20  degree  Sharp  Fin  Interaction  (Ref.  2) 
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Fig.  27.  Power  Spectra  for  18  degree  Sharp  Fin  Interaction  (Ref.  5) 
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Fig.  30.  Time-Histories  and  Corresponding  PDDs  for  Mach  5  Sharp  Fin  Interaction  (Ref.  S) 
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Fig.  31.  Skewness  Distribution  for  Mach  S,  18  deg. 
Sharp  Fin  Interaction 
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Fig.  32.  Skewness  Coefficient  Distribution  for  Mach  3  Compression  Ramp  Interaction. 
Figure  is  taken  from  Ref.  17  (originally  from  Ref  36  of  Ref.  17) 
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Fig.  33.  Intermittency  Distributions  for  Sharp  Fin  Interactions  (Ref.  2) 


b)  Spatial  Extent  of  Intermittency  (Ref.  2) 
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Fig.  36.  RMS  as  a  function  of  the  Parameter  AP  (Ref.  2) 
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Fig.  43.  Typical  Surface  Flow  Visualization  Pattern 
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Fig.  44.  Surface  Flow  Visualization  Pattern  for  28  deg.  Interaction 
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Inner  Row  (Row  A)  7  =  1.36  %  Middle  Row  (Row  8)7=  3.34  % 
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Fig.  45.  PSDs  for  28  deg.  Interactions 


Fig.  47.  Sharp  Fin  Interaction  Mean  Surface  Pressure  Distributions: 
Normal  to  the  Inviscid  Shock  Location 
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Pressure  In  the  Upstream  Region  of  the  Interaction 


Fig.  49.  Sharp  Fin  Interaction  RMS  Distributions; 
Normal  to  the  Inviscid  Shock  Location 
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Fig.  51.  Normalized  RMS  Distributions: 
Normal  to  the  Inviscid  Shock  Location 
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Figure  S2.  Normalized  Standard  Deviation  In  the  Upstream  Region  of  the  Interaction 


Incoming  Boundary  Layer 


Histories,  and  PSDs  for  a  =  24  deg.  Interaction 
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Figure  55.  PDDs,  Time-Histories,  and  PSDs  for  First  Intermittent  Channel 
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Figure  56.  PDDs,  Time-Histories,  and  PSD;;  for  Second  Intermittent  Channel 


Fig.  57.  Intermittency  Distributions 
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Fig.  58.  Zero  Crossing  Frequency  Distributions 
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Fig.  59.  Maximum  Skewness  Coefficient  Vs.  Inviscid  Shock  Angle 
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Fig.  61.  RMS  Distributions: 

VCO  Determined  from  Surface  flow  Visualization 
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Fig.  63.  Skewness  Coefficient  in  Conical  Coordinates 
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Fig.  64.  Flatness  Coefficient  in  Conical  Coordinates 


124 


G(t)*(/Op*  Nonn»lized  Probibiliiy  0{0'I/Op*  Nomuiized  Prob*ilhy 


fiequency  (kHz) 


frequency  (kHz) 


Sharp  Rn  at  Maximum  rms  Unswcpt  Compression  Ramp  at  Maximum  ims 


.1  .2  J  I  2  S  10  W  WIOO  .1  .2  s  I  2  S  10  20  JOIOO 

frequency  (kHz)  frequency  (kHz) 


Fig.  65.  Sharp  Fin  and  Unswept  Compression  Ramp  Data 


Fig.  66.  PSDs  at  Maximum  RMS 
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Fig.  67.  PSDs  at  Maximum  Skewness  Coefficient 
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Fig.  68.  Maximum  RMS  Vs.  Inviscid  Pressure  Ratio 
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Fig.  69.  Maximum  RMS  Vs.  Sq)aration  Line  Sweep  Angle 
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Fig.  70.  Maximum  Skewness  Coefficient  Vs.  Sqxuation  Line  Sweqp  Angle 
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Fig.  71.  Skewness  Coefficinit  Vs.  Local  Conical  Angle 
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Fig.  72.  Skewness  Coefficient  Distributions  for  18  deg.  Interactions 
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Fig.  77.  Maximum  RMS  Normalized  by  Freestream  Static  Pressure 
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a  Swept  Compression  Ramp,  M=S  (lef.  24)  q 

^  Sharp  Rn,  M=3  (ref.  4) 
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Fig.  78.  Maximum  RMS  Normalized  by  Freestream  Dynamic  Pressure 
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Fig.  79.  Maximum  RMS  Normalized  by  Dynamic  Pressure 
C^culated  Using  Normal  Mach  Number 
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